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Abstract
While the theoretical concepts of topological superconductivity have already been thoroughly investigated in the past decades, concrete experimental platforms for their realization are still being
established. The interest in topological superconductors is strongly connected to their property of
hosting Majorana zero modes, which are protected against decoherence by their non-abelian exchange statistics and therefore provide an implementation for fault-tolerant topological quantum
computation [1, 2, 3]. Previous experimental realizations mainly focused on topological insulator[3, 4, 5] or semiconductor-superconductor hybrid structures [6, 7, 8], while research on topological
semimetals have only more recently gained valuable interest as a platform for Majorana physics.
Especially Weyl semimetals, which possess symmetry-protected band-touching points at the Fermi
level and which host Weyl fermions and topological Fermi arc surface states are inherently promising
candidates for the realization of topological non-trivial superconductivity [9, 10].
In this work, we employ Dirac/Weyl semimetal Cd3 As2 nanowire Josephson junctions contacted
with type-I- and type-II superconductors as a platform for the observation of topological superconductivity. To this purpose, we exploit the well-known ac Josephson effect and use microwave excitation and detection techniques to observe signatures of the so-called fractional ac Josephson effect,
expected to arise from topologically protected Andreev bound states. We verified the realization of
Cd3 As2 Josephson junctions by assessing the dc and the ac Josephson effect by observing a finite
critical current and by further investigating Shapiro steps and Josephson radiation. Additionally, we
implemented important steps towards the realization of topological superconductivity in this Weyl
semimetal, requiring both relatively high magnetic fields in order to break time-reversal symmetry
and the ability to reach the Dirac point of the device. To this purpose, we elaborated a fabrication
procedure for gate-tunable devices with vanadium contacts (type-II sc) and fabricated first devices,
ready to be experimentally investigated in the near future. Additionally, apart from the Josephson
effect, also the response to electric and magnetic fields were investigated on a topological trivial device, which provided important insights into the versatile and still only partially understood physics
governing this material.

1

Introduction

Topological phases of matter have gained valuable experimental and theoretical attention in both
physics and material science over the past two decades. Apart from fundamental interest, these
phases promise profound applications for quantum information processing with the ultimate goal
of these investments being the realization of a topological quantum computer. The building-blocks
to store information and perform numerical caluclations, the quantum bits (qubits) can be provided by any two level system. Such a system can be described by the following quantum state:
|Ψi = α |0i+β |1i, with the coefficients α and β fulfilling the normalization condition |α|2 +|β|2 = 1.
In contrast to classical bits this state is a superposition state, which means that for n qubits the
quantum system can reside in 2n possible states simultaneously, increasing the information contained by n qubits exponentially. This makes quantum computers extremely powerful in solving
numerical problems where a large number of permutations needs to be tried out. Possible systems
to realize a qubit are e.g. quantum dots [11], superconducting circuits [12] or optical systems [13].
The main problem of performing scalable quantum computing is decoherence, which describes the
time-scale on which the information of the quantum state is preserved.
Being topologically protected against decoherence, so-called Majorana fermions (MFs) are
promising candidates to provide the building blocks for quantum computation. This protection
is provided by the non-locality of an electron state encoded by MFs, making Majorana qubits immune to decoherence by a local disturbance [14]. Already proposed by A. Kitaev in 2000 it was
predicted that quasi-particle excitation in condensed matter systems could host MFs with nonabelian exchange statistics. This means pair-wise exchange operations result in a different state,
related to the initial state by a unitary matrix rather than a trivial phase factor, which could be
further used to implement quantum gates [1, 15]. With the vision in mind of building a faulttolerant quantum computer, it is of significant interest to gain a deeper fundamental understanding
on topological materials i.e. topological insulators or Dirac- and Weyl semimetals and on topological phases of matter such as topological superconductivity. Topological superconductivity can
e.g. be experimentally realized in semiconductor-superconductor heterostructures, which have been
already widely explored [6, 16]. In these systems Majorana zero modes (MZMs) can emerge. These
are charge-neutral and spinless excitations of a superconductor which are an equal superposition of
an electron and a hole. They are bound to zero energy, which results in an extensive ground-state
degeneracy [17]. In a 1D system an odd number of MZMs could emerge at the opposite ends of the
chain, while in total at least two MZMs are required in order to form a fermionic state.
Amongst the most studied topological materials nowadays are topological insulators (TIs) which
exhibit a bandgap in the bulk and gapless Dirac fermions on the surface, resulting in topological
edge states. A system that has been extensively investigated is mercury telluride (HgTe), a quantum spin Hall (QSH) insulator with an inverted band structure, caused by the spin-orbit coupling
between orbitals with opposite parity and resulting in an alteration of its topological order [3, 4].
1
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Apart from topological insulators, topological semimetals (TSMs) have also become a hot topic in
condensed matter physics, as they provide ideal platforms to study topological superconductivity
(TSC) due to their naturally non-trivial topology [18, 9, 19]. Initial efforts towards observing MZMs
mostly used semiconductors with strong spin-orbit interaction as a platform. Such experiments relied on tunneling spectroscopy where a zero-bias peak (of height 2e2 /h at zero temperature) can
be observed at finite magnetic field [7, 6]. Unfortunately, a zero-bias peak can also be attributed
to various other effects such as the Kondo effect [20], weak anti-localization [21] or non-topological
Andreev bounds states (ABSs) [20].
A significantly different approach is pursued by probing the fractional ac Josephson effect. As
it will be explained in the subsequent chapter, this method allows to identify gapless Andreev
bound states and can therefore be employed in order to distinguish between topological- and nontopological junctions. It is advantageous to perform experiments relying on the out-of equilibrium
dynamics of the junction (GHz-range) in order to gain evidence on the presence of topological states
because various relaxation processes such as ionization to the continuum or quasi-particle poisoning
can limit the lifetime of a topological state [22, 23]. Such measurements rely on fast measurement
techniques, thus operating on time scales shorter than the characteristic equilibration time.
Apart from probing topological features, Josephson radiation experiments can also provide insight into other interesting properties of the system. For instance, experiments on the dynamical
Coulomb blockade (DCB) can be performed by embedding a Josephson junction into a well controlled electromagnetic environment. Thereby, the spectral properties of the emitted radiation can
be analysed by extracting the Cooper pair current and the photon emission rate [24]. Additionally,
the electron temperature can be extracted by measuring the electrical noise emitted from the junction as a function of voltage in a way that is independent of the gain or noise of the amplification
chain or the detector [25].
This work experimentally addresses the radio frequency (rf) response of a system consisting of a
Cd3 As2 nanowire, which is a Dirac semimetal, that is proximity coupled to a superconductor on
both sides. This system potentially hosts topological features which can e.g. manifest themselves experimentally by observation of the fractional ac Josephson effect or by suppressed odd Shapiro steps.
The outline of this thesis looks as follows:
• Chapter 2 provides the theoretical framework of this thesis, where the main concepts of Josephson junction physics in the trivial and the topological regime will be introduced. Additionally, a brief overview on the main theories and concepts related to superconductivity and on
Dirac/Weyl semimetals will be provided.
• Chapter 3 describes the design and the nanofabrication procedure of the devices that were
fabricated and experimentally investigated within this work.
• Chapter 4 describes the measurement setup, where the general working principle of a dilution refrigerator will be explained and the setup requirements in order to perform dc and rf
measurements will be discussed.
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• Chapter 5 presents and discusses the main experimental results obtained in this work on the
Cd3 As2 Josephson junction devices. Shapiro step patterns as well as microwave emission of
the junctions were reported and discussed. Some further features of the junction and its
microwave emission could be deduced on a gate-tunable device.
• Chapter 6 finalizes the thesis by providing a discussion of the results and an outlook on this
work.

2

Theory

In this chapter, the theoretical framework required to understand the physics of the system investigated in this project will be provided. First, the main theoretical concepts of superconductivity
will be briefly introduced in Sec. 2.1 with emphasis on the BCS theory and on the two different
types of superconductors (type-I/ type-II). As a next step, an excursus on Majorana fermions and
some concepts on topology will be provided in Sec.2.2.1 before discussing the core part of this work,
namely the physics of Josephson junctions in Sec. 2.3. There we will start with the Josephson
equations and Andreev reflection (Sec. 2.3.1). Further, we proceed with Shapiro steps (Sec. 2.3.4),
Josephson radiation (Sec. 2.3.5) and end with experimental approaches to probe topological Josephson junctions (Sec. 2.3.6). Finally, in Sec. 2.4 Dirac- and Weyl semimetals will be addressed with
emphasis on the material Cd3 As2 , which was investigated in this work.

2.1

Superconductivity

Superconductivity was phenomenologically discovered for the first time in the beginning of the
20th century by H. Kamerlingh Onnes et al. (1911, University of Leiden). They observed that
the electrical resistance of certain metals (e.g. Hg, Pb, Zn) disappeared completely below a critical temperature Tc , which is a material-dependent parameter [26]. The other major hallmark of
superconductors discovered in these early years (1933, W. Meissner, R. Ochsenfeld) is perfect diamagnetism. This means that a magnetic field is not only prevented from entering a superconductor,
which could be explained by perfect conductivity, but even inside the metal a magnetic field is
expelled as the sample is cooled below Tc [26]. This property originates from the Meissner effect,
describing that a magnetic field gives rise to supercurrents on the superconductor’s surface. These
supercurrents produce an opposing field resulting in a decay of the total field penetrating into the
bulk superconductor on a decay length described by the London penetration depth λ [27]. The
underlying microscopic theory of superconductivity was only laid out decades later by Bardeen,
Cooper and Schrieffer (1957, BCS, [28]). In a simplified view the theory is based on the assumptions that effective attractive interactions between electrons let them pair up to so-called Cooper
pairs. An important parameter to describe superconductivity is the coherence length ξs . This
parameter describes the length scale on which the superconducting order parameter, described in
the Ginzburg-Landau theory, regains its bulk value. It is related to the proximity effect, which
describes the typical distance over which superconductivity can be induced in a normal metal. Such
a length-scale occurs because the superconducting electron density cannot change in a step-like
F
manner. For a pure superconductor the coherence length is defined by: ξs = ~v
π∆ , with vF being
the Fermi velocity and ∆ the energy gap of the superconductor [27].

4
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Theories of superconductivity

In the 1950s and 1960s two main theories were developed, which provided a remarkably complete
and satisfying picture of superconductivity. The Ginzburg-Landau theory encounters in a relatively
simple manner the macroscopic quantummechanical nature of the superconducting state while the
BCS theory provides a microscopic understanding on superconductivity. The detailed understanding
of these theories is far beyond the scope of this work. The intention of this section is only to provide
a rough picture on the concepts and quantities related to superconductivity described in these
theories.
Ginzburg-Landau theory
A first theoretical approach in order to provide a phenomenological description of superconductivity
was proposed by the Ginzburg-Landau theory in 1950. It introduces a complex pseudowavefunction
Ψ(r) = Ψ0 · eiθ , with Ψ0 being the amplitude and θ the phase. According to this theory two different length scales are important in order to describe the superconducting phenomena, the Ginzburg
Landau coherence length ξ(T ) and the London penetration depth λ(T ). The first parameter describes the length scale over which Ψ(r) can vary and is defined as: ξ(T ) = ~( 2m∗ α(T ))1/2 with m∗
being the effective mass of the electrons and α(T ) a temperature dependent parameter [26]. The
London penetration depth on the other hand describes how far a magnetic field can penetrate into
a superconductor and is derived from screening of a magnetic field into a superconductor. This
phenomenon can be described by considering the following equation explaining how the superconducting flux density relates to the magnetic field [29]:
2

~ × ~j = − ns e B
~
∇
m∗ c

(2.1)

with ns = |ψ|2 being the density of superconducting electrons, e the elementary charge, c the speed
~ with the
~ the magnetic field vector. Applying Maxwell’s equations yields ∇
~ 2 B = 12 B
of light and B
λ
London penetration depth given by:
s
λ=

m∗ c2
4πns e2

(2.2)

The ratio between these two length scales is then given by the Ginzburg -Landau parameter κ = λξ .
The effect of these two length scales on the penetration of the superconducting wavefunction and
the penetration of a magnetic field are depicted in Fig. 2.1 a).
BCS theory
From a simplified viewpoint the BCS theory is based on the assumption that even a weak attraction
between electrons results in an instability of the Fermi sea. This attractive force gives rise to bound
pairs of electrons with opposite spin and momentum, so-called Cooper pairs [26]. The interaction
potential between these electrons is given by:
Z
1
0
Vkk0 =
V (r) · ei(k −k)r dr
(2.3)
Ω
with Ω being the normalization volume, r the distance between the electrons and (k 0 -k) the change
in momentum of a Cooper-pair forming electron due to the interaction. The emergence of superconductivity requires a negative (attractive) interaction potential. Notably, this potential is positive
for a Coulomb potential, even in the case where screening is included.
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Figure 2.1: a) Intermediate state at an interface between superconducting and normal domains. The S−N interface is indicated by the dashed red line. The absolute value squared of the Ginzburg-Landau wavefunction
|Ψ|2 corresponds to the superconducting electron density ns , Hc to the critical magnetic field, λ(T ) is the
London penetration depth and ξ(T ) the Ginzburg-Landau coherence length. b) Density of states (DOS) of
a superconductor. The horizontal axis displays the density of states N (E) while the vertical axis shows the
energy E in units of the superconducting gap ∆. The DOS is divergent just above (below) E = ∆ (−∆).
Electrons within the energy bar (green) of width 2ξk can form Cooper pairs which reside inside the superconducting gap. Figure a) taken from [26].

In order to get negative values the motion of the charged atom cores needs to be taken into
account. When a negatively charged electron moves in a lattice, it polarizes the medium by attracting the positively charged ions. Due to the displacement of the positive ions, the second electron
is attracted. To generate a net attractive interaction this effect needs to be stronger than the repulsively screened Coulomb interaction [26]. Another important implication of the BCS theory is
the mean field treatment. Thereby, the assumption is made that each state k only depends on the
average occupancy of other states. In this approximation the BCS wavefunction obeys the following
many-body Hamiltonian:
Ĥ =

X

ξk ĉ†k,s ĉk,s +

k,s

1 XX
Vk,k0 ,q ĉ†k+q,s ĉ†k0 −q,s0 ĉk0 ,s0 ĉk,s
2 0
0

(2.4)

k,k ,q s,s

with ξk = k − µ describing the kinetic energy of a free electron with respect to the chemical
potential. Creation (annihilation) operators are introduced with ĉ†k,s (ĉk,s ) creating (annihilating)
an electron of momentum k and spin s. The first term describes the kinetic energy and the second
term is an interaction term describing particle-particle scattering with a momentum transfer of q
between them. This Hamiltonian can be simplified if we only consider Cooper pair scattering and
neglect scattering between individual electrons [29]:
X
X
ĤBCS =
ξk ĉ†k,s ĉk,s +
Vk,k0 ĉ†k↑ ĉ†−k↓ ĉ−k0 ↓ ĉk0 ↑
(2.5)
k,s

k,k0

The simplification comes from the fact that Cooper pairs carry zero motional and spin momentum. We can additionally assume that the interaction is finite only within a certain characteristic
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energy range c around the Fermi energy (|ξk |, |ξk0 | ≤ c ). The Hamiltonian can be diagonalized
by introducing new Fermi operators γk , which describe the elementary quasi-particle excitations of
the system (so-called Bogoliubons). The required Bogoliubov transformation can be written as as
follows:
∗
ĉk↑ = u∗k γ̂k0 + vk γ̂k1

ĉ∗−k↓

=

−vk∗ γ̂k0

+

∗
uk γ̂k1

(2.6)
(2.7)

with the coefficients uk and vk obeying the condition |uk |2 + |vk |2 = 1. The newly introduced
operator γ̂k0 either destroys an electron with momentum and spin +k↑ or creates one with −k↓ .
This gives a net result of a decrease in system momentum by k and a reduction in the spin Sz by ~2 .
The operator γ̂k1 acts in the opposite way, which means that it increases momentum and spin of the
system [26]. The coefficients can be determined q
by diagonalizing the Hamiltonian. The calculated

eigenenergies of these excitations are Ek = ± ξk2 + ∆2k with ∆k being the energy gap or the
minimum excitation energy required for quasi-particles. The density of states of a superconductor
can be obtained by considering that the fermionic quasiparticle operators of the superconductor
correspond one-to-one to the creation operators of the normal metal, which results in the relation
Ns (E)dE = Nn (ξ)dξ. Because we are only interested in energies very close to the Fermi energy (see
eq. 2.5) an approximation of the particle number Nn (ξ) = N (0) can be justified. By integration the
superconducting density of states (DOS) can be retrieved which amounts to Ns (E) = N (0)· √E 2E−∆2
above and below the superconducting gap and zero inside the gap, which is shown in Fig. 2.1 b).
The energy range of ±ξk around the Fermi energy at which Cooper pairs reside inside the gap is
indicated by the light green bar. Right above and below the gap the state density is divergent [26].

2.1.2

Types of superconductors

Already in 1957 a second fundamentally different type of superconductor was discovered (type-II)
(A. Abrikosov, 1957). In contrast to the type-I superconductor which exhibits perfect diamagnetism
below a critical field Hc , in the type-II a so-called mixed state emerges [30]. These two types can
be distinguished by the Ginzburg-Landau parameter κ = λξ (introduced in the previous chapter).
While for type-I superconductors the relation κ < √12 holds (e.g. Al: λ ≈ 16 nm, ξ ≈ 1600 nm,

κ ≈ 0.01), for type-II superconductors the opposite relation κ > √12 has to be fulfilled. Thereby,
an important effect in order to understand the differences between these two types of superconductivity is the formation of domain walls emerging at the boundary of a normal state region where
a magnetic field is penetrating a superconductor. The exact energy of these domain walls
√ can
be calculated with help of the Ginzburg-Landau functional, which yields, that for ξ > 2λ the
domain-wall energy is negative and therefore energetically favoured [29]. Abrikosov realized that
due to the negative surface energy associated with type-II superconductors, the subdivision into domain walls will continue until becoming microscopically limited by ξ. The magnetization curves of
these two types of superconductors are depicted in Fig. 2.2. Type-I superconductors are completely
diamagnetic below a critical magnetic field Hc (usually less than 1 T, down to the µT regime),
above which superconductivity is complete destroyed (red curve). The magnetization of a type-II
superconductor in an external magnetic field evolves differently, which is depicted by the blue curve:
For external fields H < Hc1 the superconductor remains in the Meissner state. Then for H > Hc1
the superconductor enters a mixed state where flux lines start to penetrate the superconductor as
vortices. Vortices are topological defects which penetrate the superconductor in a array of flux
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h
tubes, each carrying a magnetic flux quantum Φ0 = 2e
. With increasing field, more flux lines enter
and once the cores of the vortices overlap, superconductivity is fully suppressed and the second
critical field Hc2 is reached. This second critical field is usually much larger (typically above 1 T)
than the thermodynamic critical field Hc [26].

Figure 2.2: Magnetization of type-I (red) and type-II (blue) superconductors. A type-I superconductor is
purely diamagnetic until a critical field Hc is reached and then it abruptly undergoes a phase change into the
normal state. A type-II superconductor on the other hand only fully expels a magnetic field until the first
critical field Hc1 is reached. Then it enters the mixed states where vortices start to form. If the field is then
increased to the value of Hc2 superconductivity is lost. Usually Hc2 is much larger than the thermodynamical
critical field Hc . Figure modified from [31].

Phenomenologically, there are some more differences distinguishing type I- from type-II superconductors. Type-II superconductors typically possess a much higher critical temperature and also
their superconducting state is more strongly affected by impurities, which was also observed in this
work (cf. Sec. 3.3.2). While type-I superconductors usually are pure metals, type-II superconductors often are alloys or complex oxides of ceramics [31].
Importantly, apart from conventional superconductors there also exists another group of socalled topological superconductors, which possess a superconducting gap in the bulk, while the
surface supports gapless excitations. These surface states are topologically protected against decoherence and they can be theoretically identified by a set of topological invariants which will be
introduced in Sec. 2.3.6. Experimentally, topological superconductivity can e.g. be realized by inducing superconductivity in topological materials with non-trivial surface states via the proximity
effect. But it can also be observed in 1D semiconducting systems coupled to conventional superconductors if a set of requirements such as strong spin-orbit interaction and a magnetic field along
the nanowire direction are provided, which is depicted in Fig. 2.3 a) [6, 17]. In 2D a non-trivial
superconducting phase can be e.g. induced in materials with broken spin-rotation- and time-reversal
symmetry. These systems exhibit a gapped bulk with gapless and chiral states which propagate
along the edge [32]. An example of such a system are quantum spin hall (QSH) insulators such as
HgTe which possess chiral edge states that can host a gapless MBS (topological Andreev doublet)
even in the absence of a magnetic field [3] (see Fig. 2.3 b). Alternatively, also monolayers of high
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critical field transition metal dichalcogenides (TMDs) such as NbSe2 can be driven into a nodal
topological phase by a sufficiently strong in-plane magnetic field [33]. Further, a topological material with non-trivial surface states (e.g. a topological insulator, Dirac/Weyl semimetal) can be
proximitized with a s-wave superconductor in order to induce a topological superconducting phase.
In this work we pursued to realize MBSs by this last approach, employing Cd3 As2 nanowires as
topological material.

a)

s-wave superconductor

b)

helical edge states

semiconductor NW

Figure 2.3: Examples of possible realizations of topological superconductors. a): Induced topological su~
perconductivity in a 1D semiconducting nanowire with strong spin-orbit interaction. The magnetic field B
must be applied perpendicular to the spin-orbit field (along the wire). The surface is drawn transparently,
in order to emphasize that the entire surface is superconducting, while the spin-degenerate surface states
propagate along the edge. b): Topological superconductivity in a 2D topological insulator. The electrons
flow in two counter-propagating, chiral 1D edge states. This is the superconducting analogue to the quantum
Hall effect. Adapted from [3].

2.2

Majorana fermions and topological invariants

Before diving into Josephson junction physics which will be the core of this work, we want to
introduce some main concepts associated with Majorana fermions and with topology in order to
then be able to also discuss certain features of topological Josephson junctions in the subsequent
section.

2.2.1

Majorana fermions

Majorana fermions (MFs) which were theoretically predicted by E. Majorana already in 1937 are
self-conjugate Dirac particles, signifying that the wave-function Ψ and its complex conjugate Ψ†
obey the same Dirac equation. Additionally, they are charge-neutral quasiparticles which are their
own antiparticle, meaning that the Majorana condition γ̂ = γ̂ † is fulfilled. The γ-operators, which
have already been introduced in Sec. 2.1.1 describe the subgap quasiparticle excitations in a superconductor, the so-called Bogoliubons [2]. In a s-wave superconductor the Bogoliubov quasiparticle
operators are given by: γ̂s = u · ĉ†↑ + v · ĉ↓ with u and v being complex numbers. This relation simplifies in a p-wave superconductor due to the lifted spin-degeneracy (triplet symmetry) to
γ̂p = u · ĉ† + v · ĉ which can fulfill the Majorana condition for u∗ = v [3]. Other characteristics of
MFs are that they emerge at zero energy (due to electron-hole symmetry), forming so-called Majorana zero modes. Additionally, they follow non-abelian statistics and tend to localize at system
boundaries and topological defects [3]. The significance of non-abelian exchange statistics is that a
pairwise exchange operation may produce a different state at the same energy which is connected
to the initial state by a unitary matrix [15]. In his toy model, A. Kitaev proposed in 2000 that
quasi-particle excitations in particular condensed-matter systems could host MFs [1]. Concretely,
he constructed a Hamiltonian which can give rise to MFs in one-dimensional systems e.g. at the
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ends of a quantum wire between two superconducting leads, provided that certain conditions are
fulfilled. This situation is visualized in Fig. 2.4.
Candidates for Majorana fermions exist both in particle- and condensed matter physics. In
particle physics neutrinos are promising candidates, while in condensed matter physics electrons do
not qualify as potential candidates because they carry a negative charge. Nevertheless, collective
excitations of electrons could potentially fit the requirements for Majorana fermions [2]. There
exists a set of different types of fermions obeying the (relativistic) Dirac equation, which will be
briefly introduced here.

Figure 2.4: Schematics of MZM in a topological SN S junction with MFs ( indicated in red) emerging at
the boundaries of the induced topological superconducting electrodes. ∆∗ refers to the superconducting gap
induced by the superconductor (light blue). Adapted from [34].

The Dirac equation is given by:
(iγ µ ∂µ − m)Ψ = 0

(2.8)

fulfilling γ 0† = γ 0 , γ i† = −γ i and the commutation relation [γ µ , γ ν ] = 2g µν . The index µ= 0,1,...,d
defines the time- and space dimensions and the index i=1,...,d only space dimensions. There are
three different types of fermions known to fulfill this equation: (massive) Dirac fermions, (massive)
Majorana fermions and (massless) Weyl fermions. Dirac fermions fulfill this equation without any
additional constraints and they describe the edge modes in the quantum Hall effect e.g. found
in bilayer graphene [35, 15]. Massive Majorana fermions are real solutions of the Dirac equation
which require γ-operators which fulfill the Majorana condition stated above [36]. The third type of
fermions are Weyl fermions, which are massless Dirac fermions that obey the massless Dirac equation ((iγ µ ∂µ)Ψ = 0). They should emerge in pairs and can be chosen as eigenstates of the helicity
operator, which commutes with the Dirac Hamiltonian. Helicity describes the spin component of a
particle which points along the direction of its momentum [36].
A main reason for the high research interest in Majorana fermions comes from the fact that they
are topologically protected against environmental decoherence and therefore in topological quantum
computation information could be stored in multiple non-local Majorana zero modes [37, 17]. As
already mentioned above, MFs can potentially emerge in semiconductor systems. For a 1D system, the necessary components in order to observe these charge- neutral, zero-energy quasiparticles
are a semiconductor system (for most approaches: InAs [6, 38], InSb [16]) with strong spin-orbit
interaction (SOI) and large Landé g-factor, which is coupled to an s-wave superconductor. Additionally, a magnetic field must be applied along the direction of the nanowire (Bk ), which opens
a gap between the two spin-orbit bands [6]. In Fig. 2.5 the effect of SOI and a magnetic field on
the nanowire band structure is shown. SOI lifts the degeneracy of the two spin states and shifts
them in opposite directions along the momentum-axis. For zero magnetic field the two spin-states
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cross at zero chemical potential µ = 0 (dashed, black line). But if a field is applied, a gap opens
and the system can eventually enter a topological phase. In the limit of high chemical potential
(red line) the system remains in the trivial state even for high magnetic fields, but in the limit of
low chemical potential (green line, µ = 0) the magnetic field can be tuned such that the system
can enter the topological phase, which can be extracted from the phase diagram in Fig. 2.5 b) [39].
Majoranas are then predicted to arise as zero-energy bound states at both ends of the wire if the
Zeeman energy fulfills the condition Ez > (∆2 + µ2 )1/2 , with µ being the chemical potential and
the Zeeman energy being defined as Ez = gµ2B B [6].

a)

b)

Figure 2.5: Schematics of the nanowire band structure a) and the phase diagram b) with spin-orbit interaction and an applied magnetic field B. SOI lifts the degeneracy of |↑i and |↓i. The dashed line denotes
the case for B = 0. Red line: For high chemical potential (µ  mα2 , gµB B, ∆0 ) the system remains in the
trivial state for all strengths of magnetic fields. Green line: For zero chemical potential (µ = 0) the system
can enter the topological phase for sufficiently high magnetic fields. The parameter α denotes the strength
of the Rashba SOI and µB the Bohr magneton. Figure modified from [39].

2.2.2

Theoretical quantities associated with topology

In this section some theoretical definitions in order to identify topological states are introduced. In
geometry topology describes a property of two shapes that can be continuously deformed into each
other by transformations such as stretching, twisting or bending while operations such as tearing
or gluing are forbidden. In quantum mechanics two wavefunctions are called topological if they
are adiabatially connected. This property is defined through topological invariants such as the
Berry phase or the Chern number [2]. Here, some important quantities to describe topology will be
introduced and also a basic description of time-reversal and inversion symmetry will be provided.
The Berry connection (A(n) (k)) is defined as [40]:
A(n) (k) = iu†n (k)∇k un (k)

(2.9)

with un (k) being the eigenstates of the Bloch equation. It is related to a vector field and measures
the rate of change in the wave function un (k) in momentum space, which means that it connects
the eigenmode un,k at momentum k and at k + dk. Taking the curl of this quantity, according
to Maxwell’s equations, yields the effective magnetic field in momentum space which is a gaugeindependent quantity known as the Berry curvature: Fn (k) = ∇k × An (k). The Berry phase γk
on the other hand is given by the line integral of the Berry connection along a closed path C in
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H
momentum space: γk = C dk ·A(n) (k). Although in general the Berry phase can take any real value
and if a certain symmetry is imposed on the system it can become quantized. Another important
topological invariant is the Chern number, which is defined as follows:
Z
1
C(n) =
dSFn (k)
(2.10)
2π S
It describes the integration of the Berry curvature over a surface S in momentum space. Importantly, if the momentum space has no boundaries the Chern number is quantized and an integer
number (Cn = 0, ±1, ±2...), which remains invariant under continuous transformations and therefore is a topological property. Intuitively, the Chern number can be viewn as a topological charge
which serves as source/sink of Berry monopoles in a similar way as according to Gauss’s law electric
charge monopoles serve as source/sink of electric field [40]. If time-reversal symmetry (TRS) is fulfilled, the Chern number is zero and for 2D insulators it is directly related to the Hall conductance
2
σxy (σxy = Cn eh ) [2]. If two materials with the same band gap have a different Chern number and
therefore are topologically distinct, they cannot be continuously deformed into each other without
closing the gap which results in the emergence of topologically protected edge states [40]. Two
important symmetries which can be related to topology are time-reversal symmetry (TRS) and
inversion symmetry (IS). Time-reversal symmetry describes the theoretical symmetry of physical
laws if the flow of time is reversed. The time-reversal operator T flips both momentum (k → −k)
and spin (σ → −σ) and it is an anti-unitary operator obeying T 2 = −1 for spin-1/2 electrons.
Further it fulfils: hT u| |T vi = hu| |vi for any states |ui, |vi. This infers that the states |ui and T |ui
are orthogonal and they have the same energy, which means that any energy eigenstate that obeys
TRS has two-fold degeneracy (so-called Kramer’s degeneracy). Inversion symmetry on the other
hand can be visualized as a point reflection or a flip in spatial coordinates and therefore it only flips
the momentum (k → −k) while preserving the spin (σ → σ) [2].
A suitable platform in order to investigate signatures of topological phases and to potentially
observe features of Majorana fermions provide so-called Josephson junctions (JJ) fabricated from a
material in which topological superconductivity can be induced. The main physics associated with
Josephson junctions in the trivial and in the topological regime will be topic of the following section.

2.3

Josephson junction physics

This section starts with providing a brief description of Josephson junctions and of the main physical concepts that govern these devices. Then the concept of Andreev reflections will be explained
(Sec. 2.3.1) before discussing Andreev bound states (Sec. 2.3.2). Subsequently, the RCSJ model
is introduced (Sec. 2.3.3), which provides the basics to understand Shapiro steps (Sec. 2.3.4) and
Josephson radiation (Sec. 2.3.5).
A Josephson junction (JJ) describes a weak link between two superconductors, which can for instance be a normal metal, an insulator or a constriction. Josephson junctions are very versatile
non-linear circuit elements which can e.g. be used to realize highly accurate voltmeters, magnetometers, radiation detectors or different types of Josephson qubits [27, 29]. B. D. Josephson himself
made two main predictions in 1962 [41], which were later on verified experimentally.
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The first prediction describes how the supercurrent Is evolves between two superconducting
electrodes:
(2.11)

Is = Ic sin(φ)

with Ic describing the critical current, which designates the maximum supercurrent the junction
can support and φ the phase difference of the condensate wavefunctions of the Ginzburg-Landau
theory. This phenomenon is known as the dc Josephson effect, which tells us, that even in the
absence of a potential drop there may be a supercurrent which depends on the phase difference
across the junction [26]. It should be noted, that this simple current-phase relation (CPR) is only
valid in the limit of one or multiple channels with low transparency. How it changes beyond this
limit will be introduced in Sec. 2.3.5. Secondly, Josephson predicted that if a voltage V is applied
across the junction the phase difference φ evolves as follows:
∂(φ)
2eV
=
∂t
~

(2.12)

This corresponds to an oscillating supercurrent with frequency f =
ac Josephson effect.

2.3.1

2eV
h

and it is known as the

Andreev reflection

At an N-S interface, arising when a normal metal (N) and a superconductor (S) with a superconducting gap ∆ are brought into contact, the conversion of a normal current into a supercurrent is
mediated by Andreev reflection. As shown in Fig. 2.6 a) if an electron incident from the N side
with energy  above EF ( < ∆) reaches the interface, it cannot enter the superconductor, because
there are no states available inside the gap [27]. Thereby, the electron retro-reflects as a hole with
energy  below EF without breaking charge or energy conservation which results in the injection of
an extra Cooper pair with charge 2e into the superconducting condensate. This Cooper pair takes
up the excess momentum arising from the difference in energy between the incident electron and
the retro-reflected hole: kCooper = ke − kh [42].

a)

E

N

EF

kh

ε

S

φ

ke
ε

2Δ

b)

E

φ1

E

S1

N

2Δ
kh

DOS

DOS

ε

L

S2

φ2

ke
ε

EF
DOS

Figure 2.6: a) Energy E vs. DOS diagram of an N-S interface, depicting the mechanism of Andreev reflection.
An electron with energy  and momentum ke is retro-reflected at the interface as a hole with energy - and
momentum kh . This results in the formation of a Cooper pair in the superconductor. b) S − N − S junction
where Andreev reflection at both interfaces results in the emergence of Andreev bound states and in a
phase-coherent Josephson supercurrent. L denotes the length of the junction which in the short-junction
limit obeys L  ξ. Figure taken from [42].
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Andreev bound states

At a S-N-S junction so called Andreev bound states (ABS) can emerge. A schematic depiction of
this concept is shown in Fig. 2.6 b) which can be understood as follows: the hole reflected at the
N-S2 interface may Andreev reflect again at the the N-S1 interface to an electron. Then it returns
again to the N-S1 interface where it is Andreev reflected after which the cycle repeats. This results
in the formation of a bound state if the total superconducting phase difference acquired within a
full cycle obeys: Φtot = 2nπ. Note that we limit the further discussion to the short junction limit
(L  ξ) with L being the length of the junction [4]. Beyond this limit the total dynamical phase
acquired by an electron (hole) when traversing the normal region given by (ke + kh )L needs to be
considered in addition to the phase that the electron (hole) acquires due to Andreev reflection.

Figure 2.7: a) Conventional ABS for different transmission coefficients τ : τ =1 (red), τ = 0.95, 0.9, 0.5 (blue).
The minimum gap between ABS is obtained at φ = π. b) Topological ABS in p-wave superconductors for
the same transmission coefficients. The two bound states have different parity and always cross each other
at φ = π. The transparency tunes the energy distance between the topological ABS and the continuum of
states. Figure modified from [4].

Conventional ABS form when a Josephson system develops between two s-wave superconductors. The energy dispersion of the Andreev doublet is given by [4]:
q
EABS,± = ±∆ 1 − τ sin2 (φ/2)
(2.13)
with τ being the transmission coefficient of the weak link, ∆ the proximity induced gap and φ the
phase difference between the wavefunctions of the two superconductors. The transmission of the
junction is tunable to some extent e.g. by gating in semiconductor or semimetal junctions. The
dispersion relation for different transmission parameters is √
shown in Fig. 2.7 a). It can be observed
that for imperfect transmission an energy gap of size 2∆ 1 − τ opens at φ = π and the energy
levels anticross (blue curves). In the limit of perfect transmission (τ → 1) the dispersion relation
becomes EABS (φ) = ±∆|cos(φ/2)| and the Andreev doublet becomes gapless at φ = π (red curve).
Considering now the topological regime, where topologically protected excitations emerge on the
surface, the dispersion relation of the ABS exhibits an odd number of crossings at E = 0 (for
0 < φ < 2π), while there is an even number of crossings in the trivial case. Note that a trivial
ABS with transparency τ =1 seems to have an odd number of crossings (at φ = π), but in fact the
whole branch is in the same parity state and no crossings occur [34]. Also the symmetry of the
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superconducting order parameter differs from the s-wave case (spin singlet symmetry).
For p-wave superconductors (spin triplet symmetry) the dispersion relation changes to the
following expression:
√
φ
topo
EABS±
= ±∆ τ cos( )
(2.14)
2
and becomes 4π-periodic. Imperfect transmission (τ < 1) causes the Andreev states to detach from
the continuum at φ = 0 (blue curves in Fig. 2.7 b)). In the limit of perfect transmission (τ → 1)
topo
the dispersion-relation becomes: EABS±
(φ) = ±∆ cos(φ/2) (red curve in Fig. 2.7b)). The Andreev
doublet becomes gapless at φ = 0, which is a manifestation of time-reversal symmetry. Additionally
we observe a level crossing at φ = π, which arises because there is no Matrix element available
between these levels, which signifies, that there is no first order process possible in order to change
the parity, respectively the state of the system. Such a change requires a quasiparticle, which is a
hallmark of topology [43].

2.3.3

Resistively and capacitively shunted junction (RCSJ) model

In the Resistively and Capacitively Shunted Junction (RCSJ) model the JJ is modelled in parallel
with a shunt resistance R and a capacitance C, which is depicted schematically in Fig. 2.8 a). By
Kirchhoff’s law the total current flowing through the system is given by:
Itot = Ic sin(φ) + IR + IC

(2.15)

∂V
with the resistive path given by IR = V /R and the capacitive path given by IC = ∂Q
∂t = C ∂t .
~ ∂φ
From the ac Josephson equation we know that the voltage equals: V = 2e
∂t . Inserting this into
Kirchhoff’s law we yield:
~ ∂φ ~C ∂ 2 φ
+
(2.16)
Itot = Ic sin(φ) +
2eR ∂t
2e ∂t2
Next, in order to get eq. 2.16 dimensionless,
we can introduce a dimensionless time variable
q

c
τ = ωp t with the plasma frequency ωp = 2eI
~C . Using this variable, the quality factor is defined
q
as: Q = ωp RC = R 2eI~c ·C [27]. With these definitions, eq. 2.16 modifies to:

∂2φ
1 ∂φ
I
+
+ sin(φ) =
2
∂t
Q ∂t
Ic

(2.17)

~ 2
)
This relation can be described with a mechanical analogue of a particle with mass m = C · ( 2e
and coordinate φ moving in an external potential:

U (φ) = −EJ cos(φ) −

~Itot
φ
2e

(2.18)

c ·~
with the Josephson coupling energy EJ = I2e
and Itot describing the total dc bias. For a vanishing
total current (Itot = 0) the potential describes a cosine potential, where the Josephson coupling
energy defines the height of the potential barriers (red curve in Fig. 2.8b)).
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Figure 2.8: a) Equivalent circuit for the RCSJ model. The JJ is positioned in parallel with a resistance R
and a capacitance C. In the overdamped regime, the capacitance is neglected (cf. main text). b) Tilted
washboard potential for different current bias I and fixed Josephson coupling energy EJ . The blue circle
indicates the phase particle. For I < Ic the phase particle is trapped in a potential well, while for I ≥ Ic it
can slide down the potential, which is indicated by arrows. Figure b) taken from [44].

For a non-vanishing current on the other hand (Itot 6= 0) the potential describes a so called
tilted washboard potential with a slope α = − ~I2etot . Two different regimes can be distinguished: for
the applied current IDC < Ic the phase particle is in the zero voltage state (grey curve of Fig. 2.8 b)),
signifying that the phase particle is trapped at the bottom of a potential minimum and that no
potential drop occurs. In the other regime where IDC > Ic the phase evolves periodically with time
and therefore the particle can escape from a local minimum and slide down the washboard (depicted
by arrows in Fig. 2.8 b)) [27]. This descriptive picture will be required later in order to understand
Shapiro steps.
By the quality factor Q two different operating regimes of Josephson junctions can be defined.
In the overdamped regime (Q  1, small C) eq. 2.17 reduces to the first-order differential equation:
dφ
2eIc R IDC
dt = p
~ ( Ic − sin(φ)) and it can be found by integration that the average voltage is given by:
V = R I 2 − Ic2 (a more detailed description is provided in [26]). From this formula it can be seen
that we have a zero-voltage state for I < Ic and that above the critical current the voltage increases
and approaches the linear normal-state regime for I  Ic (green curve in Fig. 2.9). Qualitatively
this signifies that in the heavily damped regime viscous drag from the acting force dominates inertia
of the phase particle (low C and accordingly low m). Thus the instantaneous velocity of the mass
particle is proportional to the acting force given by the local slope of the washboard [26]. The
situation looks very different in the underdamped regime (Q > 1, large C). When the current is
increased to the critical current, the voltage V jumps discontinuously to a finite value close to the
energy gap value ( 2∆
e ), which is shown by the black curve in Fig. 2.9. Thereby, the phase enters
a ’running state’, which can be seen in the washboard model as the mass particle sliding down
the potential. Reducing the current again below the critical current, which is depicted by the red
curve, the junction does not enter the zero-voltage state before it reaches the retrapping current:
4Ic
IR ≈ πQ
[26]. The effect of hysteresis can be explained in the mechanical model by the inertia of the
moving mass. To allow the system to retrap back into the zero voltage state, the energy provided
by the bias current as the phase advances by an amount of 2π from one barrier of the potential to
the next must be dissipated within the same time. Otherwise the system can surpass the barrier
and remains in the running state.
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Figure 2.9: IV -characteristics for an overdamped/ underdamped Josephson junction. Green: overdamped
(Q < 1/2). Black and red: underdamped (Q > 1/2) with the current bias in the forward (black) and reverse
(red) direction. The IV -curve becomes hysteretic for an underdamped Josephson junction. IR designates
the retrapping current (see main text). Figure taken from [44].

2.3.4

Shapiro steps

Shapiro steps can emerge in the IV -characteristics of a Josephson junction, if both a dc bias and
an additional microwave rf excitation are applied to the junction. The appearance of Shapiro steps
can be intuitively understood by the tilted washboard model already introduced in Sec. 2.3.3: the
average slope of the potential is proportional to the dc bias, while the rf excitation modulates the
tilt of the potential if we consider Itot = IDC + Irf in eq. 2.18. In the voltage-biased case we obtain
as expression for the voltage:
V (t) = VDC + V rf · cos(ωt)
(2.19)
Integrating this equation by using the ac Josephson relation, the time dependence of the superconducting phase difference is retrieved:
φ(t) =

2e
Vrf
(VDC t +
· sin(ωt))
~
ω

(2.20)

Considering now the Josephson relation one obtains the total current:
I(t) = Ic · sin[

2e Vrf
2e
VDC t +
· sin(ωt) + φ0 ]
~
~ ω

(2.21)

In order to analyze the time dependence of the Josephson current, one can use the Fourier Bessel
series:
+∞
X
eib sin x =
Jn (b) · einx
(2.22)
n=−∞

with Jn (b) being the

nth

Bessel function with input argument b.

Theory

18

Using the identity J−n (b) = (−1)n Jn (b) and taking the imaginary part of the Fourier Bessel
series the current equation can be rewritten such that we finally obtain the expression [45]:
I(t) = Ic ·

+∞
X

(−1)n Jn (

n=−∞

2eVrf
) sin[(ωDC − nω)t + φ0 ]
~ω

(2.23)

with ωDC = 2e
~ VDC . From the equation above it can be seen that a net DC current results whenever
the argument of the sine function becomes zero. This is valid for ωDC = nω and accordingly
~
VDC = Vn = n 2e
ω, if we assume the initial value φ0 to be zero. For VDC 6= Vn , we obtain a series of
terms with a sinusoidal time-dependence with a vanishing dc component and the average current is
then given by:
Vrf
VDC
VDC
+h
· cos(ωt)i =
(2.24)
hIi =
RN
RN
RN
which describes a normal current with ohmic behaviour given by the normal state resistance RN .
From these equations it can be concluded, that in a current-biased junction, distinct steps occur in
ω
th step corresponds
the IV -curve at well-defined voltages Vn = n hf
2e with n ∈ Z and f = 2π . The n
to phase locking of the junction oscillation by its nth harmonic [45]. If the junction is driven by
an electromagnetic signal in the microwave range (f ∼ GHz), these so-called Shapiro steps form at
µV
, i.e. in the µV range.
voltages V = 2.07 GHz
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Figure 2.10: Schematics of the tilted washboard potential. The DC current bias gives the average slope of
the potential, while the rf excitation modulates the tilt of the potential. The red circle denotes the fictious
mass particle which is subjected to the potential U (φ). Figure adapted from [46]

Here, the tilted washboard model (cf. Sec. 2.3.3) will be briefly re-introduced in order to provide
a more qualitative understanding on the emergence of Shapiro steps. A schematic illustration is
provided in Fig. 2.10. If we use the standard picture of a fictious mass particle at position φ moving
in a potential: U (φ) = −cosφ − Itot φ, with Itot = IDC + Irf , we see that the DC current bias IDC
provides the average slope of the potential, while the rf excitation Irf modulates its tilt. If during
an RF oscillation IDC + Irf is large enough to let the phase particle escape, it can roll down the
potential by a few minima until the tilt decreases. Then the particle is trapped again for a short
time at the bottom of a local potential minimum, resulting in a quasi-static state.
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A simulated IV -curve [3] for a given rf excitation is shown by the blue curve in Fig. 2.11 a),
where a total of n = 10 Shapiro steps emerge. Fig. 2.3.4 b) shows the histograms of the same plot,
where the amplitude reflects the length of the individual Shapiro steps (in units of Ic ). The peak
at n = 0 reflects the zero - voltage state.

Figure 2.11: a) Simulated IV -curves in presence of an rf excitation for 2π-periodic (blue) and 4π-periodic
(red) supercurrents based on the RSJ model. b) Shapiro steps are indicated as peaks in the histogram,
where the amplitude corresponds to the current width of the Shapiro steps (voltage plateaus). They occur
at quantized voltages Vn = nhf
2e for a 2π-periodic supercurrent, while only the sequence of even steps is
visible in the 4π-periodic case. Figure taken from [3].

In a topological Josephson junction the current-phase relation changes towards Itopo (φ) =
I2π sin(φ) + I4π sin( φ2 ) + higher harmonics, where I2π and I4π are constants encoding the amplitude
of the respective supercurrents. If the 2π-periodic contribution can be neglected, the superconducting phase of the ABS displays 4π-periodicity which affects the Shapiro steps pattern. In the
presence of an rf excitation we would observe an unconventional sequence of even Shapiro steps at
Vn = 2n hf
2e where the odd steps are missing (red curve in Fig. 2.11 a)). It has been shown that
independently of the strength of the 4π-periodic contribution to the supercurrent, there exists a
driving frequency threshold, the so called crossover frequency, below which missing odd Shapiro
steps can be observed. This frequency is defined as f4π = 2eRhn I4π with I4π being the contribution
from the topological ABS to the critical current [47, 3].

2.3.5

Josephson radiation

In a superconducting weak link, there exists a universal relation between the voltage drop V and
the emission frequency fJ which is only determined by natural constants [37] :
fJ
2e
MHz
=
= Φ−1
0 = 483.6
V
h
µV

(2.25)

which holds for the conventional, 2π-periodic case. An intuitive and qualitative picture helping to
understand the phenomenon of Josephson radiation is shown in Fig. 2.12.
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Figure 2.12: Intuitive picture to visualize Josephson radiation. a): Trivial JJ radiation. In this case for an
applied voltage eV resulting in an energy difference between the two superconductors being less than two
times the superconducting gap energy (2∆) only Cooper pairs can tunnel. b): Topological JJ radiation.
Also single electrons can tunnel through the junction for eV < 2∆.

Travelling through the weak link between the two superconductors, the Cooper pair needs to
lose the potential energy difference between the two leads which happens through emission. In a
conventional JJ (Fig. 2.12 a)) there exist no midgap states inside the superconducting gap. Therefore, a pair of electrons is always transferred coherently across the interface and then becomes
absorbed into the superconducting condensate. This gives rise to a supercurrent being proportional
to the square of the tunneling amplitude (I ∝ τ 2 ) [43]. In a topological superconductor on the
other hand, surface midgap states exist and therefore single electrons can be transferred across the
interface (Fig. 2.12 b)). If a second electron gets transferred, a Cooper pair gets absorbed into
the superconducting bulk, the midgap state returns into its original state and the cycle can repeat
again [43]. In that case the Josephson supercurrent becomes proportional to the first power of the
electron tunneling amplitude (I ∝ τ ) and the CPR of the supercurrent becomes 4π-periodic. This
changes the Josephson emission frequency towards fJ∗ = eV
h , which gives rise to the fractional ac
Josephson effect.
In a conventional JJ the radiation spectrum can exhibit even richer features. In general, the
limit of low transmission, which leads to a sinusoidal CPR is not valid. In order to explain what
changes beyond this limit, we now for simplicity assume a SN S junction with a single channel in
dE
the short junction limit. Combining eq. 2.13 with the relation I(φ) = 2e
~ dφ the CPR for different
transmissions becomes [34]:
e|∆|
τ sin φ
p
ISNS (φ) =
(2.26)
2~
1 − τ sin2 (φ/2)
with ∆ being the gap of the superconducting condensate, τ the transparency of the junction and φ
the phase difference across the junction.
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This CPR, corresponding to a skewed sine function, can then be expressed in terms of Fourier
series as:
∞
e|∆| X
ISNS (φ) =
An (τ ) sin(nφ)
(2.27)
2~
n=1

where An (τ ) are the transmission-dependent Fourier coefficients. With the relation φ = ωτ and
2eV
ω = 2eV
~ we see that each term n corresponds to the emission at a frequency fj,n = n h . Higher
order harmonics only become relevant for high transmission (τ → 1).

2.3.6

Probe the topological nature of Josephson junctions

So far in this section, several features associated with topological Josephson junctions such as missing odd Shapiro steps (cf. Sec. 2.3.4), fractional Josephson emission (cf. Sec. 2.3.5) and a change
in the dispersion relation (cf. Sec. 2.3.1) have already been addressed. In this section the emphasis
is directed on how topological Josephson junctions can be experimentally addressed.
Experimentally, there exist several approaches to assess the 4π-periodicity of the Josephson
supercurrent and the fractional Josephson effect. The three main approaches are by measuring
Shapiro steps or Josephson radiation or by performing microwave spectroscopy experiments. Investigating the Shapiro-step pattern is a straight-forward approach, where the doubled periodicity
of the Andreev bound states results in missing odd steps in the Shapiro step pattern [37, 4]. But
there are many effects complicating the observation of missing Shapiro steps, first of all the total Josephson current for most cases contains a sum of conventional and unconventional terms:
I = C0 sin(Φ/2) + C1 sin(Φ) + higher harmonics and if higher harmonics are present, we also observe odd Shapiro steps in topological junctions [3]. A more direct approach in order to investigate
topological Josephson junctions is by measuring the fractional ac Josephson effect where a dc voltage
is applied while measuring the radiation spectrum emitted from the junction [3, 22]. By microwave
spectroscopy the occupation of Andreev bound states can be probed and the spectrum of discrete
quasiparticle states can be retrieved [48].
Measuring features of topological supercurrents is further complicated by various types of relaxation processes and poisoning events that can restore the trivial 2π-periodic supercurrent. Coupling
to the continuum is one major relaxation process. It describes enhanced relaxation at the so-called
Kramer’s degeneracy points (φ = 0, 2π, ...) due to coupling of the gapless ABS either to other ABS
or to the continuum of states [4]. This process can be mostly avoided if we chose the rf frequency
√
to fulfill the condition h · frf  δ, with δ = ∆(1 − τ ) being the energy difference between the
continuum of states and the bound states at the phase relaxation points (compare with Fig. 2.7) [3].
Another problem is Landau-Zener tunneling, which can mimic an effective 4π-periodic Josephson
effect for sufficiently high frequencies. By this tunneling mechanism the driven system can change
its eigenstate and shoot over to the other branch of the ABS dispersion in vicinity to an avoided level
crossing. This means that there is a finite probability for the system to undergo a parity-conserving
transition from the lower to the upper energy eigenstates close to φ = π, 3π [4], which is increased at
higher voltages. This increased probability can be understood from the second Josephson relation
V ∝ dφ
dt , which corresponds to a faster movement along the energy spectrum at higher voltages [3].
It should be noted here, that all these methods to probe the topological nature of a JJ are
indirect and the fact that gapless ABS can be probed does not prove the existence of a topological
superconducting phase. In order to gain evidence for the presence of topology, it would be necessary
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to exploit the non-abelian nature of Majorana fermions by braiding experiments, where localized
Majorana states are exchanged [15]. In experimental realizations this is hard to implement, because
MZMs in a superconductor are typically immobile, which makes their motion in real space not
practical and we therefore rely on indirect methods of exchange [15].

2.4

Topological semimetals: Dirac - and Weyl semimetals

Topological semimetals can be distinguished from other states of matter by their band touching
points at distinct values of crystal momentum. At these points two or more bands become degenerate in the first Brillouin zone (BZ) at or close to the Fermi level [9]. These materials are
both of fundamental interest in order to investigate novel quantum phenomena and of practical
interest because they provide a possible platform for a new generation of electronic devices [19].
The most prominent representatives of topological semimetals are Dirac - and Weyl semimetals.
Dirac semimetals (DSMs) possess Dirac points or -nodes with four-fold degeneracy which host
3D massless Dirac fermions (Weyl fermions). In DSMs both time-reversal symmetry (TRS) and
inversion symmetry (IS) are prevailed and because these materials lie at the boundary of many
topological phases they can be parent compounds to e.g. realize topological insulators (TIs), topological superconductors (TSCs) or Weyl semimetals (WSMs) [49, 19]. In 2013 cadmium arsenide
(Cd3 As2 ) was already proposed to be a Dirac semimetal with a pair of 3D Dirac cones in the bulk
and non-trivial Fermi arcs on the surface [50]. One year later Cd3 As2 and also Na3 Bi were identified
as stable Dirac semimetals by angle-resolved photoemission spectroscopy (ARPES) and scanning
tunneling microscopy (STM) studies [51, 52].
In Weyl semimetals on the other hand, the band crossings are defined by isolated Weyl nodes
with two-fold degeneracy. Notably, each Dirac node is composed of two Weyl nodes which are
separated in momentum space. In order to lift this degeneracy in a WSM either TRS or IS must
be broken. In the case where TRS is broken, IS guaranties that the Weyl nodes are still at the
same energy, so when the chemical potential is set to EF =0 the surface consists of solely two points
at ±k0 . If IS is broken, the total number of Weyl points must be a multiple of four, because the
net chirality must vanish, but if TRS prevails, the pair of Weyl nodes residing at ±k0 possess the
same chirality [10]. Note that one symmetry should be preserved because if both symmetries are
broken, Cooper pairs can no longer form because electrons with momenta k and −k are no longer
at the same energy [19]. Weyl cones- or nodes, the band touchings in a WSM, are defined by being
topological, gapless objects with opposite chirality and a non-vanishing Chern number of C = ±1
if we integrate across a sphere surrounding a single Weyl point [10]. However, if the surface is
expanded over the entire Brillouin zone the total Chern number vanishes. As readily discussed in
Sec. 2.2.2 the Chern number can be seen as a topological charge, corresponding to a source or sink
of Berry curvature, which is also schematically depicted in Fig. 2.13 a) by the red circles and the
blue arrows. Advancing our discussion to the description of Fermi arc surface states, first of all,
it should be noted that usually well-defined surface states are associated with a bulk band gap.
Therefore, it is counter-intuitive to define surface states in a gapless bulk. These can only emerge,
if there are regions in the surface BZ which do not possess counter-parts in the bulk at the same
energy [10].
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Figure 2.13: Schematic visualization of Weyl points and Fermi arcs. a) Red circles in the bulk BZ represent
Weyl nodes with opposite Chern number (indicated by blue arrows pointing in opposite directions). The
connection between the projection of these points onto the surface BZ is given by the Fermi arc (yellow curve).
b) Connection between surface states and bulk Weyl points. In red and blue the simplified dispersion relation
of two Dirac cones is shown with touching points emerging at ±k0 at the Fermi level. The pink plane shows
the projection of surface bands onto the surface BZ resulting in the formation of a Fermi arc at the Fermi
level (green plane). Figure taken from [10].

For Weyl nodes residing at EF =0 and at momenta ±k0 (shown in Fig. 2.13 b)) surface states
can be defined at the same energy at all momenta, except at the projections of the Weyl points
onto the surface BZ [10]. A Fermi arc can be viewed as a connection between the two singularities
(Weyl points) which is projected onto the surface Brillouin zone. This is depicted by the yellow arc
in Fig. 2.13 a). It should be emphazised that while regular surface states on the surface of a bulk
insulator decay exponentially into the bulk, in a Weyl semimetal with cones lying at zero energy,
surface states are well localized for non-zero energies while being strongly and directional coupled
at E = 0 through the Weyl nodes [10].

Cadmium arsenide (Cd3 As2 )
The material properties of cadmium arsenide (Cd3 As2 ) have already been strongly investigated in
the second half of the 20th century, where it was shown that Cd3 As2 exhibits interesting transport
properties such as a very high electron mobility comparable to the one of graphene [53] or two2
dimensional electron gases in GaAs/ AlGaAs heterostructures [54] (>104 cm
Vs at room temperature
2
and >106 cm
Vs at low T [55]). But the material has regained valuable attention within the past
few years after 3D symmetry-protected massless Dirac electrons were theoretically predicted [50].
In a simple picture, a pair of 3D Dirac nodes emerges at the touching points between the conical
conduction- and valence band. They are located at the tetragonal symmetry axis and they protected
against gapping by a discrete rotational symmetry [56, 55]. This crystal symmetry can be broken by
applying a magnetic field which results in gap formation. Apart from its high electron mobility also
some other intriguing properties such as a strong linear magnetoresistance [55], chiral anomaly [57]
and Hall effect signatures [58] have been recently reported. Before explaining some of these features
in more detail, the crystal lattice and the band structure of Cd3 As2 will be briefly discussed.
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Figure 2.14: a) Unit cell (UC) of Cd3 As2 consisting of 2×2×4 antifluorite cells, which are weakly distorted
and have two Cd atoms missing. The entire UC contains 160 atoms (96 Cd (green), 64 As (light grey)).
b) Schematics of the electronic band structure of Cd3 As2 proposed by the Bodnar model. Three electronic
bands form two types of structures: due to the small band gap a single cone hosting Kane electrons emerges.
And there are also two highly tilted 3D Dirac cones at low energy. The energy scale of the massless Dirac
electrons (ED ) matches with the size of the crystal field splitting parameter (δ). Figure modified from [56].

In Fig. 2.14 a) the crystal lattice of Cd3 As2 is depicted. It is rather complex with a unit cell
containing in total 160 atoms (96 Cd, 64 As). The unit cell is non-primitive (consists of more than
one lattice point) and comprises 2×2×4 weakly distorted antifluorite cells with two Cd vacancies
(6 Cd atoms, 4 As atoms), which is shown in Fig. 2.14 a). In order to describe the band structure
it is taken into account that the electronic bands in vicinity of the Fermi energy are dominated by
the cationic s-states (Cd) and the anionic p-states (As). A simplified description can be given by
the Kane model, which was firstly described in 1968 (D. Armitage et al., 1968). It can be applied
if the band gap Eg is much smaller than the overall energy scale of the band structure. The model
assumes approximately conical bands, which are crossed at the apex by a relatively flat band. A
strong limitation of this model is, that the cone is not protected by any symmetry [56]. A more
advanced model was provided with the Bodnar model (J. Bodnar et al., 1977). In Fig. 2.14 b)
the proposed band structure is shown which considers the tetragonal nature of Cd3 As2 . Thereby,
tetragonal distortion is taken into account by the crystal-field splitting parameter δ which directly
relates to the energy scale ED of the massless Dirac fermions [56] (cf. Fig. 2.14 b)). From theoretical
predictions this energy lies in a range of ED ≈ 100 meV, while experimental data cover a very broad
energy interval [56]. Additionally, the band structure of Cd3 As2 is inverted, which means that the slike Cd states lie below the p-type As states in energy. Formally, this phenomenom can be described
by a small negative band gap (Eg ≈ - 0.5 eV). From magnetotransport measurements already
in the 1970s Shubnikov-de-Haas (SdH) oscillations and a linear nonsaturating magnetoresistance
were reported [59]. Interestingly, the feature of a linear magnetoresistance is already observed at
magnetic fields well below the quantum limit. The most prominent explanation for this feature is
that the protection against backscattering, which results in an ultrahigh mobility that is lifted by an
applied magnetic field [60, 55]. Another feature associated with magnetotransport is chiral anomaly,
which means that the conservation of chiral charges is violated by a transformation that changes
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chirality. In Cd3 As2 it is predicted that a parallel magnetic and electric field (E
electrons between Weyl nodes with opposite chirality. This mechanism then induces a lowering in
the resistivity, resulting in a negative longitudinal magnetoresistance [61, 56]. In summary, Cd3 As2
has emerged as a prominent topological material, which hosts a pair of symmetry-protected 3D
Dirac cones and exhibits rich physics. Nevertheless, combining the topology of this material with
superconductivity still needs more theoretical and experimental effort. We tried to assess this task
in the experimental part in this thesis.

3

Design and Fabrication

This chapter describes the fabrication process and the design of the Cd3 As2 nanowire Josephson
junction devices. Apart from only chronologically describing the fabrication procedure, we would
like to also emphasize some fabrication steps that we adapted and improved to accomodate them
to our measurement purposes and material requirements. In Sec. 3.1 the nanofabrication procedure
of the devices will be explained, where some fabrication steps will be highlighted. Subsequently, in
Sec. 3.2 the general design of the devices will be described. Finally, the main fabricational challenges
that occurred with contacting the Cd3 As2 wires with a superconductor will be explained in Sec. 3.3.

3.1
3.1.1

Fabrication
Nanowire growth and deposition

The Cd3 As2 nanowires used in this work were grown at the DGIST Research Institute in Hyeongpung, Korea by the vapour transport method [62]. They were fabricated from Cd3 As2 powder,
requiring bismuth (Bi) catalytic nanoparticles and a continuous supply of argon (Ar) as transport
agent during the growth process. The growth process takes place inside a quartz tube reactor where
the substrate temperature needed to be maintained at ∼ 350 ◦ C to volatilize the source material.
We received the wires on a growth chip (# 155), which is shown in Fig. 3.1. As it can be seen from
the SEM images, the chip contained a dense conglomeration of wires, varying strongly in length
(< 1 µm up to > 50 µm) and thickness (∼ 50-500 nm). For the transfer the nanowires were carefully
loaded onto a paper tip and then tapped off by eye-measure in the center of each base structure.
We aimed for six to eight thin nanowires with a diameter of ∼ 100-200 nm per base structure, while
in total more nanowires were deposited.

20 µm

2 µm

1 µm

Figure 3.1: SEM images of the growth chip (# 155) of the Cd3 As2 produced at the DGIST Research Institute
(Korea) from which we fabricated the devices used in this work. Left: Edge of the growth chip with long
wires sticking out. Middle: Zoom-in picture on a conglomerate of Cd3 As2 wires. Right: Zoom-in picture of
a single wire.
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Nanofabrication procedure

In the following, a general overview of the nanofabrication procedure of our devices will be provided
while explaining some processes in more detail. A schematic illustration of this entire process is
provided in Figs. 3.2 and 3.3, where also a schematic of the final device is shown (g). The detailed
recipe of the individual steps can be found in the appendix (Sec. A.1). In a first step, the substrate
needs to be prepared and properly cleaned (a). For this work we used highly p-doped (p++ ) Silicon
wafers coated with a 305 ± 10 nm oxide layer of SiO2 . Directly after cleaning, the wafers are spin
coated with a thin layer (a few hundred nanometers, here: ∼ 600 nm) of polymer resist (PMMA
AR-P 671.05) (b). The layer thickness can be modified by changing the working parameters of the
spinner (spinning time/ rpm/ ramp-up time). Directly after spin-coating, the chip is baked out for
5-10 minutes, in order to harden the resist (normally at ∼ 180 ◦ C). In a next step, pre-designed
structures can be defined by Electron Beam Lithography (EBL) in a Scanning Electron Microscope
(SEM). In this so-called exposure step the electron beam breaks up the chemical bonds in the
polymer resist (c). Next follows the development, where the resist which has been exposed to the
electron beam is removed selectively which generates a shadow-mask for the contacts, while the
unexposed part of the chip remains unaffected (d).

Figure 3.2: a) Wafer cleaning: polishing of the Si/SiO2 substrate. b) Spin coating: deposit a uniform layer of
e-beam resist (PMMA). c) Exposure: expose chip to electron beam according to pre-designed structure. d)
Develpment: remove exposed resist which has been chemically altered by the electron beam while generating
a shadow-mask.

For the subsequent deposition step (e) we made use of electron beam evaporation in order to
fabricate the contacts of the Cd3 As2 nanowires. The target can either be heated by an electron
beam or by resistive heating (thermal evaporation). For our devices we mainly used the BALZERS
evaporation system (Balzers-Pfeiffer Labor-System, PLS 500), which makes use of the first method
and in addition provides in-situ Argon (Ar) milling, which was a crucial step in this work in order
to contact the wires. For this procedure the electron beam which originates from a charged tung-
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sten (W) filament is accelerated towards the target. Upon striking the target material, the kinetic
energy of the electron beam is mostly converted into thermal energy. This heats up the material,
causing it to either melt or sublime. Once the temperature and the vacuum level are sufficiently
high, a metallic vapour is generated, which can re-condensate at the substrate. The chamber walls
are usually water-cooled, but it is also possible to cool with liquid nitrogen, if the device or the
target material rely on a smooth evaporation procedure or are sensitive towards high temperatures.
The fabrication is then continued by a lift-off step in which the remaining resist is removed (f). This
is achieved by an appropriate solvent, most commonly acetone heated by a water bath to 50-60 ◦ C is
used for this step. In order to fabricate a top gate, some additional steps are required. In this work
we fabricated gold top gates and as an oxide we employed hafnium oxide (HfO2 ). First, the window
for the HfO2 needs to be defined. Therefore, the chip needs to be spin-coated with a different,
thermostable resist (PMMA/MA), which is crucial because regular PMMA gets crosslinked at high
temperatures at which the HfO2 layer is deposited. For the subsequent EBL step, the dose needs to
be adjusted (see appendix Sec. A.1). Next, a thin layer of HfO2 (here: 20 nm) is deposited by atomic
layer deposition (ALD). ALD is a widely-employed method to generate thin films, which provides a
strong control over the material thickness by depositing single monolayers of a desired material in a
self-saturating and sequential process. The films are generated from precursor molecules in a cyclic
manner, where after each cycle a single monolayer is deposited. In order to achieve this strong
control over the process, the reaction of the precursor molecules with the substrate or amongst
themselves needs to be self-limited e.g. by depending on dangling bonds. Here, in order to generate
the HfO2 monolayers, TEMAH (Tetrakis(ethylmethylamino)hafnium(IV)) molecules were used as
precursors, water as an oxidant and N2 as purge gas. The chamber plate on which the sample was
placed was heated to an operation temperature of 200 ◦ C. Next, a lift-off step follows, before the
metallic layer for the top gates can be placed on top of the oxide. This is achieved in the same
manner as for the contacts, where the structure is first defined by EBL and then the the metal
is deposited by thermal evaporation. In this work, the top gates consisted of a Ti/Au layer with
100 nm Au deposited on a 5 nm Ti sticking layer.
e)

f)
Lift-oﬀ

Deposition

g)

Final Device
Top Gate (Ti/ Au)
Cd3As2 Nanowire
Oxide SiO2

100 nm
Oxide HfO2
Contact (Ti/Al)

20 nm
200 nm
305 nm

Substrate (p++ Silicon)
500 µm

Figure 3.3: e) Deposition: cover the whole chip with the material of choice. f ) Lift-off: remove the remaining
resist by placing the chip into an appropriate solution (e.g. acetone). g) Longitudinal cross section of a final
device with a top gate. The thickness of each layer is indicated in blue.
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Junction design

20 µm

40 µm

1 µm

Figure 3.4: Design of the Josephson junction devices. Left: Full 24-terminal base-structure (400×400 µm)
with Cd3 As2 NW JJ quasi-4-terminal devices contacted with Ti (2.8 nm)/Al (200 nm). The designed
junction length for this base structure was 150 nm. Top right: Zoom-in optical image. Bottom right: SEM
image of a junction from the same fabrication round.

The Josephson junction (JJ) devices fabricated in this work are quasi-4-terminal devices with
a Cd3 As2 nanowire as weak link contacted by a superconductor on both sides. The design of these
devices is depicted in Fig. 3.4, where an entire base structure and a zoom-in of a single device in
both the light microscope (top right) and the SEM (bottom right) are shown. On sufficiently long
wires, an additional long junction was designed on the same wire, which is necessary to separate
the contact resistance and the wire resistance. We employed quasi-4-terminal devices instead of
2-terminal devices in order to be able to subtract the lead resistance from the total resistance. For
the device fabrication, pre-designed 24-terminal base-structures with gold marker-structures were
used. The ideal shape and thickness of the contacts were at first determined by a EBL dose test.
Initially, we aimed for very narrow junctions (length ∼ 80 - 150 nm) in order to be in the shortjunction limit. The design was performed with Adobe Illustrator after taking optical images of the
base structures with the nanowires deposited on top.
Hardly any effect was observed when gating the devices with a global back gate, where the
voltage is applied via the Si substrate over the SiO2 layer, even at cryogenic temperatures. Therefore,
top gates with a HfO2 dielectric were fabricated to provide a more efficient gating. The design of
such a device is shown in Fig. 3.5 in both the optical microscope and the SEM. A schematic of the
layer structure of the device has been previously shown in Fig. 3.3 g). As an oxide layer 20 nm
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1 µm

Figure 3.5: Top gate design. Left: Optical image of a JJ device with Au top gate (designed junction length:
300 nm). Right: SEM image of the same device.

of HfO2 (dielectric constant  ∼ 20-25) was used, which is also much thinner than the SiO2 layer
(thickness ∼ 305 nm, dielectric constant  = 3.9) of the wafers (p-doped silicon). Empirically, these
gates can sustain voltages of ∼ ±8 V (∼ 0.4 V/nm). The back gate in comparison can sustain
voltages of ∼ ± 80 V (∼ 0.26 V/nm).

3.3

Fabricational issues and improvements

In this section, some of the main fabricational issues that were faced in this work will be described
and the possible solutions that were found in order to overcome them will be presented. The main
challenge was to fabricate superconducting contacts with reasonably low contact resistances and
then to employ a type-II superconductor in order to contact the Cd3 As2 nanowires, which sustains
a magnetic field of a few T.

3.3.1

Surface treatments

For the Cd3 As2 devices surface treatments were crucial in order to be able to contact the nanowires.
These treatments aim to remove the native oxide layer on the nanowire and resist residues. The
standard treatment for nanowires here in this group is to remove PMMA-residues directly after
the exposure step by Reactive Ion Etching (RIE) with an oxygen plasma and then to perform
in-situ Ar milling in order to remove the native oxide. Apart from these methods many other
physical and chemical etching processes can be chosen for this purpose which differ in their etching
rate, selectivity and directionality. In this work, we started with an Ar milling recipe, which
was optimized previously for InAs nanowires. Thereby, we suffered from strongly varying contact
resistances and suspected that Ar milling induces contact doping, why we considered other surface
treatments. But as this approach was not successful, we finally optimized the Ar milling procedure,
which then gave a satisfying yield of potentially working devices. Here, the operating principle,
advantages and drawbacks of the two main surface treatments employed in this work, will be briefly
explained. Ar milling is a dry plasma etching technique, which uses a broad beam ion source to
bombard the substrate in a well-defined and controlled manner. The etching mechanism is entirely
mechanical and it allows to define surface features from ten’s of microns down to the nanometer
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scale. The advantages of this method are that it can be performed in-situ in a vacuum chamber,
which protects the device from fast re-oxidation and also the ion energy and the ion incident angle
can be well controlled. As a drawback, the process displays poor selectivity, can potentially damage
the device or introduce contact doping. The other method that was tried, was wet chemical etching
by hydrochloric acid (HCl). The etching process is essentially a redox reaction where the wire gets
reduced by the acid. The method has the advantage, that it does not introduce contact doping and
does not mechanically damage the entire device. But this procedure needs to be performed outside
of the vacuum chamber, which then requires to build the sample immediately into the evaporator
after etching. Unfortunately, the Cd3 As2 wires were strongly dissolved and attacked by the etchant
and therefore we had to withdraw this approach.

3.3.2

Fabrication of type-II superconductor contacts

As explained in section 2.4 in order to observe topological features in Cd3 As2 it is necessary to
break certain symmetries e.g. time-reversal symmetry, which can be achieved by applying a sufficiently strong magnetic field (∼ 0.5 T). Because aluminium, the material which was initially used
to contact Cd3 As3 is a type-I superconductor that only sustains very low magnetic fields (few tens
of mT out-of plane, more in-plane, depending on film thickness) it was necessary to change to other
superconductors for contacting our devices. In this section, it will first be explained, why we chose
vanadium (V) as suitable superconductor and provide some details about its superconducting properties. When working with this material, many issues were faced: the evaporation procedure and the
lift-off needed to be optimized, while the evaporation procedure had to fulfill certain requirements,
in order not to destroy superconductivity in the material. Here, possible explanations why these
problems occurred will be provided and in a next step possible approaches that were elaborated in
order to overcome these issues will be presented for future users.
Table 3.1: Comparison of basic superconducting properties of aluminium (type-I sc), vanadium (type-II sc)
and molybdenum rhenium (type-II sc).

Material

Aluminium ( Al)

Vanadium (V)

Superconducting energy gap
(∆(T = 0)) [µeV]
Superconducting coherence length
F
(ξs = ~v
π∆ ) [nm]
Critical magnetic field Hc [T]
Critical temperature Tc (bulk) [K]

170

800

Molybdenum
Rhenium (MoRe)
1400

∼ 1600

∼ 250 nm

∼ 20 nm

∼ 0.001
1.14

1-2
5.43

∼6
4.6

Before starting to work with vanadium, we attempted to use another type-II superconductor,
molybdenum rhenium (MoRe), which needs to be sputtered onto the device and which sustains a
few Tesla of magnetic field strength (cf. Table 3.6). In our case, this resulted in very bad contacts,
where most of the junctions were either shorted or open. The result from this approach is depicted
in Fig. 3.6. In the optical- (upper left) and SEM image (upper right) it is clearly visible, that the
surface was very inhomogeneous with big metallic chunks (’ears’) sticking out at the edges, which
sometimes shorted the junction. We therefore concluded that sputtering is not a suitable approach
for contacting Cd3 As2 nanowires.
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Molybdenum
Rhenium

20 µm

200 nm
Vanadium

20 µm

200 nm

Figure 3.6: Cd3 As2 NW JJ devices contacted with type-II superconductors. Top: Molybdenum rhenium
(MoRe) device (sputtered). Bottom: Vanadium (V) device (e-beam evaporated). Left side: Optical images.
Right side: SEM images, in-lens mode. It is clearly visible already in the optical image that the MoRe
devices have large inhomogeneities on their surface. The Cd3 As2 junction depicted on the bottom right has
a length of ∼ 770 nm.

As an alternative, vanadium (V) was chosen as candidate of a type-II superconductor. As a
fabricational advantage, this material can be deposited by e-beam evaporation onto the devices.
A comparison of some general differences in superconducting properties between aluminium, vanadium and molybdenum rhenium are highlighted in table 3.1. In particular interesting for this work
are the much higher critical field of 1-2 T of vanadium compared to Al. Also its superconducting
energy gap is more than 4-fold larger than the one of Al, resulting in a smaller superconducting
coherence length.
In the following, the focus will be directed towards the challenges of fabricating vanadium contacts. We suffered from the following lift-off problems: after the lift-off often some elongated chunks
of material remained sticking to the chip’s surface at the edges of the contacts which sometimes
shorted the contacts. Additionally, the observation was made, that in contrast to aluminium, the
vanadium film dissolved almost instantaneously after placing the sample in preheated acetone for
the lift-off, which was attributed to the higher brittleness of the material. It was assumed, that
because the metallic film quickly lost its integrity in acetone, it could happen that some metal
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remnants attach at unwanted locations on the sample right after the PMMA layer gets dissolved.
The problem was solved by first preheating acetone for the lift-off to 50 ◦ C and then immediately
start flushing the sample with a pipette/ syringe after placing it into acetone, which gave much
better results. A device fabricated with this new technique is shown on the bottom of Fig. 3.6. In
the light microscope (left), the film appears to be very homogeneous, while in the SEM image, it
can be seen that the V surface is granular on the nanometer scale.
The next issue that was faced, was that the superconducting properties of vanadium appeared to
be very sensitive towards the contact fabrication procedure. Experimentally, it was observed when
cooling down the devices, that vanadium was only superconducting for some fabrication rounds
while for others it was not. This problem was then carefully examined by trying different evaporation techniques and by investigating superconducting and non-superconducting films by Energy
Dispersive Spectoscopy (EDS), which will be explained below. Three types of evaporation techniques were employed here, either the V targets were molten together in-house from small pellets
which were then placed in the target pocked. Alternatively, we molt the pellets together in the
target pocket ourselves directly without a crucible or as a third method a graphite crucible liner
was used in order to achieve a more gentle evaporation procedure. Out of the devices fabricated
with the graphite crucible liner, none of the tested devices were superconducting but of the devices that were directly evaporated from the target some displayed superconductivity, while others
did not. Consulting the literature, it was spotted, that the properties of V change strongly with
a small amount of impurities such as H2 , C, O2 or N2 , which increases its melting point and its
brittleness. Also the superconducting properties are very sensitive towards impurities, which also
sets the requirement for very good vacuum conditions [63]. This might explain why evaporating
with the graphite crucible was not successful, because this could result in diffusion of carbon atoms
from the crucible into the metal. For more clarity, we fabricated two trial films with the same layer
thickness than in our JJ devices (Ti(3 nm)/ V(150 nm)/ Al(5 nm)), which were then investigated
by EDS and also by high-resolution SEM images. For the first film, the graphite crucible was used,
while for the second film, the V pellets were directly molten together in the target pocket and then
cooled down again before starting with the Ti evaporation. The first film was not superconducting
while the second film displayed a switching into the superconducting state during cool down. EDS
is a method where the sample is irradiated with a high-energy electron beam which causes electron
transitions between different electronic shells. These transitions are accompanied by the emission of
a photon in the X-ray range of the electromagnetic spectrum (λ ≈ 10−11 − 10−8 m). This method
allows to extract the types of atoms and their relative amount in the sample. Depending on the
type of material and the acceleration voltage the spatial resolution and the depth of analysis range
from 100 nm to 1 µm. For our film composition we expected the following EDS-transitions: Si
(Kα: 1.486 eV), Ti (Kα: 4.508 keV, Lα: 0.452 keV), V (Kα: 4.953 keV, Lα: 0.452 keV), Al (Kα:
1.486 keV) and C (Kα: 0.277 keV). For an acceleration voltage of 8 keV, the results of the analysis
are summarized in table A.1.
Table 3.2: EDS analysis of the superconducting and not superconducting V films. Acceleration voltage:
8 keV

Material
Film 1 (superconducting)
Film 2 (not superconducting)

Al [weight % ]
1.54
1.53

C [weight % ]
6.56
7.39

Si [weight % ]
20.85
28.83

V [weight % ]
71.05
62.25
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There are some limitations to this method, on the one hand, the detection sensitivity is not
very high: a material needs to be represented by ∼ 1 wt.% in order to be successfully detected.
Due to the small layer thickness of Ti at a depth of more than 150 nm this material was below
the detection limit. Additionally, the penetration depth is relatively high, such that even Si below the metallic layer was detected which complicates the of the V film on its own. From these
results it was not possible to state significantly higher amounts of carbon or other impurities in
the non-superconducting film. The structure of these films was also investigated by SEM-imaging,
which is shown in Fig. 3.7. Both films displayed a relatively high granularity, with a granule size of
∼ 20-50 nm. There were no clear, unambiguous differences between the two films observable, both
the granule size and their structure were similar.

b)

a)

100 nm

100 nm

Figure 3.7: SEM images of thin films of Ti(3 nm)/V(150 nm)/Al(5 nm) on a silicon wafer. a) Film with V
evaporated without a crucible liner which displayed superconductivity when cooled down below the critical
temperature. b) Film with V evaporated with a graphite crucible liner which did not display superconductivity.

From neither the material composition nor the surface structure of the two films being significantly different, it was concluded that maybe also the evaporation temperature was an important
parameter to define the superconducting properties of the film. When the crucible liner is used,
more heating power from the electron gun is required in order to evaporate the target due to the
decreased thermal coupling, which could influence the crystalline structure of the V film.

4

Measurement setup

This chapter provides a description the measurement setup used within this work. In order to
measure Shapiro steps and Josephson radiation, a dilution refrigerator with both DC and RF lines
was required. In Sec. 4.1 the basic operation principle of a dilution refrigerator will be explained.
Subsequently, in Sec. 4.2 the main components and requirements in order to perform RF and DC
measurements on our superconducting devices at cryogenic temperatures will be discussed. Finally,
in Sec. 4.3 some major improvements and changes that were implemented in the setup in order to
measure radiation will be highlighted.

4.1

Dilution refrigerator

In order to perform our measurements we rely on superconductivity which is prevailed below the
critical temperature Tc of a superconducting material. In our case, this transition temperature was
at 1.14 K for aluminium and at ∼ 3.5 K for vanadium (literature: 5.38 K for pure vanadium in bulk).
As a further requirement, the thermal energy (E = kB T ) must be lower than the relevant energy
c
scales, which in our case are given by the Josephson coupling energy EJ = ~I
2e and the superconducting energy gap ∆. For a critical current of Ic of 100 nA the Josephson coupling energy would
correspond to EJ ≈ 2.4 K and the superconducting energy gap of Al (∆Al (T = 0) = 1.7 · 10−4 eV)
corresponds to a temperature of T ≈ 3.94 K. These requirements explain, why we rely on a dilution
refrigerator in order to perform our measurements which in our setup allowed to cool down the
devices from room temperature to a base temperature of ∼ 25 mK.
The experiments presented in this work were performed in two different dry dilution refrigerators (DRs), namely in a BlueFors BF-LD400 and a Oxford Triton 200 system. The opened
BF-LD400 refrigerator (short: BF) is depicted in Fig. 4.1 a). Here, the principle of dilution cooling
will be explained. DRs rely on the cooling power of a 3 He/4 He mixture, which exhibits a unique
phase diagram (see Fig. 4.1 b)). Pure 4 He possesses a nuclear spin l = 0 and therefore obeys Boson
statistics and its superfluid transition temperature lies at 2.17 K. Pure 3 He on the other hand has
a nuclear spin l = 21 and therefore obeys Fermi statistics and its superfluid transition temperature
is much lower, a property that can be made use of by creating a mixture of the two isotopes. In a
3 He/4 He mixture a two-phase region occurs below 0.8 K, where the exact transition temperature
depends on the molar fraction of 3 He, which can be seen in the phase diagram in Fig. 4.1 b). In
this temperature region exists a 3 He rich phase (concentrated phase) and a 3 He poor phase (dilute phase), which still contains a minimum of 6.4 % 3 He at zero temperature [65]. In order to
achieve cooling it can be exploited that the enthalpy of 3 He is higher in the dilute phase. Therefore,
moving 3 He atoms from the concentrated to the dilute phase requires energy which can be taken
from the environment. Dilution cooling starts below ∼ 4.2 K, which is initiated by condensing the
3 He/4 He-mixture into the system using a compressor. The mixture is already precooled by counter
35
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Figure 4.1: a) Picture of the open BlueFors DR, in which we carried out a part of our measurements.
The location of the different cooling stages are indicated by green arrows (the 50 K plate is located above
the depicted region). b) Phase diagram of a 3 He/4 He mixture. The horizontal axis represents the molar
fraction of 3 He. Below 2.17 K a transition into a superfluid is possible and below 0.8 K the two-phase region
emerges, where the mixture separates into a 3 He rich- and a 3 He poor phase. c) Schematics of a dry dilution
refrigerator. Instead of the 1 K pot an additional heat exchanger is located inside the still pumping line
(both indicated in green). 3 He returns to the MC through a condensing line. In the MC the dilute phase
collects on top of the concentrated phase. By pumping the still, 3 He is forced to cross the phase boundary
which results in cooling. Figures b) and c) taken from [64].
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flow heat exchangers in the condensing line (see Fig. 4.1 c)). After all mixture is condensed, the
dilution refrigeration can be started by pumping the still. The cooling principle works as follows:
The still which lies between the mixing chamber (MC) and the pump (also indicated in Fig. 4.1
c)) distils 3 He from 4 He due to their difference in vapor pressure 3 He gets into the mixing chamber
(MC) [64]. In the mixing chamber the 3 He poor phase collects on top of the 3 He rich phase which
has a higher density. 3 He is then forced to exit the MC through the 3 He pumping line. Pumping
results in an osmotic pressure gradient of 3 He between the still and the mixing chamber, which pulls
3 He. Therefore, it needs to cross the phase boundary between the concentrated and the dilute phase
which requires energy and as a consequence results in cooling. Additionally, a dry DR makes use
of Joule-Thomson expansion, which is an adiabatic expansion process that leads to cooling when
a gas is forced through a valve while keeping it thermally insulated from the environment. The
cooling power of the DR can therefore be defined as Q̇ = ṅ3 He · ∆H, with ∆H being the enthalpy
difference between 3 He in the diluted phase and pure 3 He and ṅ3 He being the 3 He flow rate. Finally,
the flow rate and thereby the cooling power can be increased by applying heat to the still [64]. In
comparison, there also exists wet dilution refrigerators. The main differences with a dry DR are
indicated in green in Fig. 4.1 c): 3 He which enters the vacuum chamber is precooled by a so-called
1 K pot. The 1 K pot is a vacuum pumped bath of 4 He, which is fed from the main liquid helium
bath. In a dry dilution fridge the 1K pot is replaced by an extra heat exchanger indicated in the
figure.
Before dilution cooling can start, the system needs to be precooled down to a sufficiently low
temperature. Precooling is achieved by a pulse tube (PT) cooler, where exchange gas is admitted
into the inner vacuum can which actively cools down the 50 K and the quasi 4 K radiation shields.
Effective precooling relies on different heat switches which are filled with helium gas (4 He) and
possess outlets which are connected to an active carbon pump. In order for the DR to function, the
thermal contact with the PT needs to be disrupted. The carbon absorbes all the helium gas inside
the switches for temperatures below 10 K which causes the heat switches to close. To re-open the
switches, small heaters are necessary to release the gas [65].

4.2

DC and RF wirings

In order to perform RF measurements the equipment of the measurement setup needs to fulfill
certain requirements: the input signal needs to be attenuated and the (in general weak) output
signal has to be filtered and amplified. All relevant components are depicted in Fig. 4.2. The
schematic depiction corresponds to the BF setup, while the exact components differed slightly for
the Triton setup. A table with the setup components and their specifications is provided in the
Appendix (Sec. A.5). Firstly, attenuation of the input signal generated by the RF signal generator
(1) at room temperature is provided by an attenuation chain (2). This prevents higher temperature
radiation from reaching the cold sample, provides an accurate impedance match and ensures better
thermal anchoring of the microwave coaxial cables at the different cooling stages. Next, the RF
signal is coupled to the device via a directional coupler (3) with a signal bandwidth of 2-8 GHz
and an attenuation of 20 dB, signifying that the portion of the power reaching the device is 1:100.
Then the signal passes through a bias-tee (4) (indicated by the dashed blue lines), which allows to
supply DC currents or voltages to an RF signal and to decouple the DC and RF lines.
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Figure 4.2: General scheme of the measurement setup. Legend: 1.) RF signal generator 2.) Attenuators 3.) Directional coupler 4.) Bias tee 5.) Circulators 6.) Amplifiers: High Electron Mobility Transistor
(HEMT) and Room temperature amplifier 7.) Spectrum analyzer 8.) Filters (Silver epoxy-, low-pass-, πfilters). The different cooling stages are indicated by dotted lines.
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The output RF line is required to measure the Josephson radiation signal coming from the
device. Thereby, the signal emitted from the sample passes again the bias-tee and the directional
coupler and subsequently, the output line contains two circulators (5) (frequency range: 4-6 GHz,
3-12 GHz). Circulators are three-port ferromagnetic passive devices which are used to control the
direction of the signal flow and prevent high-temperature noise from the cryo-amplifier and the
output line to reach the sample. At the 4 K plate there is a High Electron Mobility Transistor
(HEMT) low-noise amplifier (6) installed, with a gain of ∼ 40 dB. A HEMT is a heterostructure
field-effect transistor where two semiconducting materials with different band gaps are brought into
contact, which allows a high enough power gain while adding as little noise as possible to the signal. Finally, the radiated signal is detected by a spectrum analyzer (7). Optionally, an additional
amplifier can be installed at room-temperature, which is indicated in the schematic by the triangle
before the spectrum analyzer. The DC lines also contain a set of filters (8), which can either be
added on-chip or inside the fridge or even at room temperature. The Bluefors DR contains a set of
low-pass filters at different cooling stages. Additionally, the input and output RF lines also contain
DC blocks at room temperature, which use capacitors in series with the center conductor and/or
the outer conductor in order to prevent propagation of low frequency signals.

DC signal
DAC
DC supply
4:1

lock-in input

transformer

V

Rbias
+ -

VG

voltage
amplifier

≈ 30 mK

JJ

RF signal

Rs

Figure 4.3: Detailed scheme for the DC measurements on the Cd3 As2 nanowire Josephson junction experiment. The Josephson junction device (JJ) is placed in parallel with a shunt resistor Rs = 10 Ω and set on a
hard ground. The bias current is provided by the DAC and an AC excitation is added on top by the lock-in.
Additionally, the device can be gated, which is shown by the most left DC line. The voltage drop is first
amplified by a room temperature voltage amplifier (gain: 100×) and then measured by the lock-in via the
differential resistance. All DC lines contain filters which is indicated.
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A more detailed schematics of the DC components of the measurement setup are provided in
Fig. 4.3. The DC measurements shown in this work are mostly lock-in measurements, where both an
AC and a DC voltage excitation were supplied to the junction. The AC excitation (fAC = 177 Hz)
is provided by a lock-in (SR830 Lock-In Amplifier) and the DC signal was provided by a Lownoise/High-resolution DAC (SP 927) built in-house in the electronics workshop. The two signals
are coupled by a transformer. Measuring Shapiro steps requires an additional high frequency signal
(∼ GHz) which is supplied by the RF signal generator (see Fig. 4.3). For the current-biased
measurements a large bias resistor (Rbias = 1 M Ω) is put in series with the junction in order
to generate a (small) current flowing through the junction. The junction is set in parallel with
a shunt resistor (Rs = 10 Ω) and the hard-ground is provided by bonding one of the junction
leads directly onto the grounding plane of the PCB. The shunt-resistor brings the junction to the
overdamped regime (cf. Sec. 2.3.3), which prevents hysteresis and current-switching behaviour in
the IV-characteristics of the junction and therefore provides a stable voltage bias, which is crucial
in order to measure radiation. The bias resistor Rbias is chosen in such a way that it is much
(more than 100×) larger than the real part of the impedance of the device (dominated by Rs in the
normal state and the ’quasi-short’ in the superconducting, zero-voltage state). Additionally, the
local electron density of the junction can be tuned by gating the device.

4.3

Optimization of the Triton setup

At the moment when this project started, the BF setup was readily optimized for measuring Josephson radiation. But this setup comes alongside with the drawback that it is not possible (yet) to
apply magnetic fields. As this component will be crucial in order to observe features of topological
JJs, it is necessary to be able to perform RF measurements in the Triton setup, where magnetic
fields up to 1 T can be applied in all spatial directions. The main issues that we were facing in the
Triton DR were grounding issues during the sample transfer and high noise levels of electrical- or
magnetic origin including fluctuations of the ground. Some of the main technical problems we faced
in the Triton will be explained here and a set of important improvements in order to overcome or
diminish these issues will be mentioned.
In contrast to the Bluefors where all DC lines can be grounded on-chip in the Triton no on-chip
DC ground exists. As a result, the Cd3 As2 samples that were transferred with neither a parallel
10 Ω shunt resistor nor by providing a ground, which protect the device while it is built in and
cooled down, did not survive the loading procedure. The problem is, that during the bottomloading procedure the device is floating, which can destroy devices that are sensitive to discharges.
In order to overcome this issue, the connector which provides electric contact during loading of the
sample was terminated with a 1 MΩ soft ground. The second improvement, which was probably
even more important, was to use a connector which can be plugged in at the sample puck and then
be connected to the breakout box, which can then provide a ground to the sample.
Concerning the PCB design it should be mentioned, that on the Bluefors PCB no on-chip filtering occurs. The rf lines consist of SMD coaxial connectors followed by a printed copper coplanar
waveguide. A shunt resistor can be soldered in parallel with the junction and put on a hard ground
by being soldered directly onto the ground plane of the PCB. For the Triton there exist several
PCBs, where some of them provide on-chip filtering and the sample is either put on a hard ground
or capacitively coupled to the ground. The measurements shown in this work were taken on a PCB
without on-chip filtering and the sample was put on a hard ground based on the template of the
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BF setup.
The second issue of the setup being exposed to relatively high noise levels have made it previously impossible to measure radiation signals. The main noise components were fluctuations of the
ground and low frequency noise components coming from various sources in our setup. Here we will
highlight some of the key changes that were implemented in order to be able to measure radiation.
Therefore, initially all components that were not crucial in order to keep the cryostat running were
disconnected from the setup i.e. all measurement devices, the thermometer of the MC and the
magnets. The magnet power supply cables needed to be shielded due to the fact that they pick
up a lot of noise and they can transmit RF signals themselves by acting as unintentional radiator
(rod antenna). We shielded them by placing them into an aluminium tube and it was observed
that these cables pick up noise of the prepump of the pulse tube and should therefore be placed
as far away as possible from this pump. It also helped to cut the ground from the Ethernet cables
controlling the magnet power supplies. Additionally, we grounded the cryostat at the same cable
connector as all measurement instruments. Further, a connection between the break-out box and
the cryostat dewar was created by a thick copper braid in order to decouple high frequency noise
from the measurement lines. As another improvement, a high amount of ferrite beads was placed
on most RF cables. Ferrite beads reduce electromagnetic interference and suppress high-frequency
noise in electronic circuits by acting as a passive low-pass filter which converts RF energy into heat.
Also, it proved to be crucial in order to be able to measure radiation to filter the noise coming from
the HEMT power supply. Ideally, the filter is placed as close as possible to the HEMT amplifier
in order to prevent that noise is picked up after filtering within the cable. The detailed scheme
and description of the filter box fabricated in-house by the electronics workshop is shown in the
appendix in Fig. A.1. Basically, it contains π-filters, ferrite beads and shielded cables.

5

Experimental Results

In this chapter the main experimental results obtained during this project on the Cd3 As2 Josephson
junction devices will be presented and discussed. In a first part, we will investigate the dc and ac
Josephson effect by investigating the Shapiro step pattern in Sec. 5.1.1, followed by Josephson
radiation in Sec. 5.1.2. In a subsequent part, we more extensively examine the response of our
device in an electric field in Sec. 5.2 and provide an outlook on noise measurements.

5.1

DC and AC Josephson effect in a Cd3 As2 nanowire Josephson
junction

In order to investigate a Cd3 As2 Josephson junction device, the first step is to verify that the device
displays superconductivity by probing if a zero-resistive state and a supercurrent can be observed
in a current-biased measurement. Subsequently, in order to show that the device indeed forms a
Josephson junction, we assess the ac Josephson effect via the Shapiro step pattern and then via
Josephson radiation. In a further step, Josephson radiation experiments can provide insights about
topological features of the junction. All measurements shown in this section (if not explicitly indicated differently) were taken in the Triton setup on the same device (Device B), a quasi-4 terminal
JJ device with a Cd3 As2 nanowire as weak link, Al superconducting leads and a top gate with HfO2
as dielectric ( ∼ 20-25) as described in Sec. 3.2. The junction was measured in parallel with a 10 Ω
shunt resistor Rs , as shown on the right in Fig. 5.1, which was needed to bring the device to the
overdamped regime.
In order to verify superconductivity in our JJ device, we performed a 4-terminal lock-in measurement, where we measured the differential resistance curve of the device displayed in Fig. 5.1 a).
From this curve we can extract a critical current Ic ∼ 585 nA. By integration we obtain the IV curve shown in Fig. 5.1 b), which shows a smooth switching behaviour typical for an overdamped
JJ. In the non-superconducting state the resistance is dominated by Rs .
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Figure 5.1: a) Differential resistance ∂V
∂I as a function of current bias Ibias b) IV -curve obtained from
Fig. 5.1 a) after numerical integration. The inlet on the right is a schematic depiction of the measurement
configuration with the shunt resistor.

5.1.1

Shapiro steps

Now that we have established the dc Josephson effect, we direct our focus towards the ac Josephson
effect by investigating the Shapiro step pattern of the device. As explained previously, in order to
observe Shapiro steps experimentally, we need to irradiate the Josephson junction with a rf signal.
It is possible to directly inject the signal by employing a PCB with an on-chip rf line, as it was done
in this work. Alternatively, a signal can also be injected externally eg. via a loop antenna, which
then only emits at a frequency determined by the loop size. This signal is more broadband and usually also higher order modes are present. In the following, we will present a subset of Shapiro step
measurements, which display the important features that were observed in this work, and provide
a qualitative interpretation while the detailed numerical analysis of the data is beyond the scope of
this work.
In Fig. 5.2 a), the raw data of a Shapiro step measurement is shown. Thereby, the differential
resistance ( ∂V
∂I ) is measured against bias current (Ibias ) at 2 GHz input frequency for increasing
input power (Pin ) from -28 to +8 dBm. (From now on, we refer by Pin to the input power set in the
microwave (MW) signal generator, i.e. before the attenuation chain). In this representation Shapiro
steps correspond to dark oval shapes, where the differential resistance is strongly suppressed. This
can be intuitively understood by the tilted washboard model explained in Sec. 2.3.4. If during an
RF oscillation, the current IDC + Irf is large enough to let the phase particle escape, it can roll down
the potential by a few minima. Then, as the tilt of the potential decreases the particle is trapped
again for a short time at the bottom of a local potential minimum, resulting in a quasi-static state.
It can be observed that with increasing rf power the plateau of the zero voltage state becomes
narrower and eventually disappears while Shapiro steps progressively appear. From a line cut at
-15 dBm displayed in Fig. 5.2 b) (indicated by the cyan line in Fig. 5.2 a)), the first Shapiro step
can be identified by a strong dip in differential resistance. Smaller dips corresponding to the second
and third Shapiro step can also be identified.
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Figure 5.2: a) 2D color map obtained by measuring the differential resistance ∂V
∂I for increasing rf input
power Pin from -28 to +8 dBm at an input frequency of f = 2 GHz and a top gate voltage of Vtg = 0 V.
The dashed line (cyan) corresponds to a line cut at an rf input power of Pin = -15 dBm. b) Line cut of the
differential resistance ∂V
∂I vs. bias current Ibias .

Several post-processing steps were implemented in order to visualize Shapiro steps on a voltage
∂I
. This is e.g. necessary in order
axis in a 2D color map displaying the differential conductance ∂V
hf
to relate the voltage plateaus to multiples of 2e , to investigate if there are any missing or unconventional Shapiro steps and in order to gain information on the characteristics of the plateaus. A
detailed description of the post-processing procedure is provided in the Appendix (Sec. A.3).
The post-processed data of Fig. 5.2 is displayed in Fig. 5.3. In the color plot in Fig. 5.3 a) the
∂I
differential conductance ( ∂V
) is represented on a voltage axis in units of hf
2e . The bright yellow lines
correspond to the voltage plateaus of the Shapiro steps, while their intensity reflects the currentwidth. The line cut at -15 dBm in Fig. 5.3 b), indicated in blue shows a strong peak at n = 0,
which is a manifestation of the zero-voltage state with its height being proportional to the critical
current. We observe that with increasing rf power, Shapiro steps progressively appear starting from
low values of n. This is visualized in Fig. 5.3 c) where the integrated IV -curves are shown for three
different input powers. While for -25 dBm (light gray) the junction is still in the zero voltage state,
for -15 dBm (blue) two voltage steps clearly appear while the zero-voltage state is still prominent
and for 0 dBm input power (green), Shapiro steps up to n = 6 (exept n = 3) are clearly visible while
the zero-voltage state is nearly absent, which can also be observed in Fig. 5.3 b) by the green line.
So at higher input power more steps emerge while the plateau width correspondingly decreases.
The data displays a conventional Shapiro step pattern, which is expected in absence of a magnetic
field (no symmetry breaking) and without electric field.
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Figure 5.3: a) 2D color map obtained from Fig. 5.2 after several post-processing steps. The numerical
∂I
differential conductance ∂V
is depicted vs. increasing rf input power Pin and DC voltage in units of [ hf
2e ].
The dashed lines correspond to line cuts at input power values Pin of -25 dBm (light grey), -15 dBm (blue)
and 0 dBm (green). b) Line cuts of a) at rf input power Pin = -15 dBm and 0 dBm. Peaks in differential
∂I
conductance ∂V
appear at voltages corresponding to n · hf
2e , with f = 2 GHz. c) Integrated IV -curves at
different input powers indicated by the dashed lines in a). The voltage scale is normalized to units of hf
2e
which demonstrates the presence of Shapiro steps.
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In order to observe missing or suppressed odd Shapiro steps, the input frequency of the Shapiro
steps must be below the cross-over frequency f4π = 2eRhn I4π , which has been readily mentioned in
Sec. 2.3.4. Assuming a 4π-periodic supercurrent originating from a single conductance channel of
an amplitude I4π ∼ 20 nA and the normal state resistance Rn of our device ranging from 150-300 Ω
(compare with Fig. 5.9), we obtain a cross-over frequency of f4π ≈ 1.25 - 2.9 GHz. Nevertheless, in
Dirac semimetals it is still difficult to verify a 4π-periodic supercurrent due to an inevitable bulk
conductance. Therefore, the odd Shapiro steps are only expected to be slightly suppressed, instead
of completely missing.
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Figure 5.4: 2D colormap displaying the numerical differential conductance ∂V
vs. increasing rf input power
hf
Pin and DC voltage in units of [ 2e ] at an input frequency of fin = 1 GHz. b) Zoomed-in line cut of a) at rf
input power Pin = +8 dBm. the zoom-in region is indicated by the cyan arrows. Measurement taken in the
BF setup on Device A.

In Fig. 5.4 we show Shapiro steps with an applied frequency of 1 GHz. This measurement was
taken in the BF setup on Device A, a similar Cd3 As2 NW JJ without a top gate. At low frequency
h
the peak spanning decreases, for this measurement it equals V = 2e
·1 GHz = 2.068 µV. In the
zoomed-in line cut depicted in Fig. 5.4 b) it can be observed that the peaks are broader and lower
in intensity, which comes from the fact, that the current plateaus become narrower and less well
defined the closer the spacing between the steps. For this measurement we doubled the resolution
in Ibias in accordance with the decrease in hf
2e at lower frequencies. We observed Shapiro steps up to
n = 22 without any missing steps. Further Shapiro step measurements on that device at different
input frequencies are shown in the Appendix in Fig. A.4.
As a conclusion from this measurement set, we have already verified the presence of a Josephson
junction by observing the dc and ac Josephson effect. We observed a conventional Shapiro step
pattern with steps appearing voltages V = n · hf
2e . Eventually, it should be achievable to observe
suppressed odd Shapiro steps on a device with a 4π-periodic contribution to the supercurrent below
the cross-over frequency with sufficiently high resolution.
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Josephson radiation

Measuring radiation of JJ devices is experimentally very challenging because the emitted signals
from the junction are extremely small and therefore very sensitive towards any noise levels in
the environment. In our setup, radiation can be measured straight away by directly connecting
the rf pad of the PCB to the coplanar waveguide of the output rf line. In order to measure the
weak radiation signal, a cryogenic High Electron Mobility Transistor (HEMT) (LNF-LNC1-12A,
gain ∼ 35 dBm, installed at the 4K-plate) and an additional room-temperature amplifier (Miteq:
AMF-3F-01000400-08-10P, gain ∼ 35 dBm) were used (see Sec. 4.2. To experimentally assess the
ac Josephson effect by measuring Josephson radiation, we performed current-biased measurements
where we measured the differential resistance using the lock-in and then by integration obtained
the voltage drop across the junction. The spectrum analyser, which is connected to the output rf
line, detects the amplified radiation signal with a detection bandwidth of 20 MHz around a center
frequency fdet . In order to isolate the contribution from the junction, we subtract the background
signal which is attributed to black body radiation and parasitic stray noise from the environment
for all measurements [4].
In Fig. 5.5 a) a plot of the RF power vs. bias voltage V and detection frequency fdet is shown.
Thereby, V is determined by a similar interpolation routine as used for the Shapiro steps. The
dashed lines correspond to possible expected radiation peaks. For this measurement there are two
clear emission peaks distinguishable following the dashed green lines, which are positioned symmetrically around zero bias. They correspond to the trivial Josephson emission signal, corresponding
h
to a double-electron tunneling (slope: 2e
). The dashed white line corresponds to the fractional ac
h
h
, coherent
Josephson effect (slope: e ) and the dashed blue line to a higher order emission (slope: 4e
emission of two Cooper pairs). Both processes were not observed here.
Figure 5.5 b) displays a line-cut of the radiation map depicted in Fig. 5.5 a) at a fixed detection
frequency fdet = 3.15 GHz, indicated by the blue line in Fig. 5.5. The amplified signal emitted
from the junction is depicted. The peak height of this signal is of the order of magnitude of 10
attowatt (10−17 W). The two calculated trivial emission peaks appear ±6.514 µV, indicated by the
dashed green lines, which fit well to the data. In Fig. 5.5 c) a line cut of the raw data is shown,
where the differential resistance ∂V /∂I is measured against bias current Ibias . From this plot a
critical current of ∼ 590 nA can be extracted. The mean residual resistance at zero bias for all
traces equals R = 0.0695 Ω. After switching into the normal state, the resistance is dominated by
the shunt resistor (Rs = 10 Ω). In Fig. 5.5 d) the corresponding IV -curve obtained by numerical
integration is shown, representing an overdamped Josephson junction. The range of bias current
and voltage which correspond to Josephson emission in the measured frequency range are indicated
by the dashed red lines. From the differential resistance trace it can be seen that the current is
already above the critical current and the IV - curve correspondingly almost linear and the voltage
drop therefore well defined.
Fig. 5.6 displays similar data as shown in the previous measurement, taken on a different Cd3 As2
device (Device A), measured in a 2-probe configuration in the Bluefors DR. Although this measurement contains similar information as the one shown in Fig. 5.5, it was an important achievement
of this work that we were finally able to detect radiation with a comparable accuracy in the Triton
setup as it has been previously possible in the BF setup, therefore it is important to compare those
measurements. Here, just a few differences to the previous measurement will be highlighted. For
this radiation map the detection frequency was swept from 4.5 to 7 GHz. We can also identify
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Figure 5.5: a) 2D color plot of the power detected by the spectrum analyser as a function of voltage and
frequency. A Josephson radiation map is obtained by sweeping the center frequency fdet of the spectrum
analyser from 2.5 to 3.8 GHz. The dashed lines are plotted according to the formula: hfdet = e∗ |V | , with
e∗ = e, 2e, 4e as indicated in the plot. b) Line cut of the detected microwave power at fdet = 3.15 GHz. The
dashed green line fits the voltage V = hf2edet = 6.514 µV, corresponding to the trivial Josephson emission
peak. c) Trace of the differential resistance against bias current. d) IV -curve obtained from numerical
integration of c). The dashed red lines indicate the range of bias current and voltage, which correspond to
the Josephson emission in the measured frequency range of 2.5 GHz < fdet < 3.8 GHz.
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Figure 5.6: This measurement was taken in the Bluefors DR on device A. a) 2D color plot of the power
detected by the spectrum analyser as a function of voltage and detection frequency. A Josephson radiation
map is obtained by sweeping the center frequency fdet of the spectrum analyser from 4.5 to 7 GHz. The
dashed lines are plotted according to the formula: hfdet = e∗ |V | , with e∗ = e, 2e, 4e as indicated in the
plot. b) Line cut of the radiated power emitted by the junction at fdet = 5 GHz. The dashed green line
fits the voltage V = hf2edet = 10.34 µV, corresponding to the trivial Josephson emission peak. c) Trace of
the differential resistance against bias current. d) IV -curve obtained from numerical integration of c). The
dashed red lines indicate the range of bias current and voltage, which correspond to the Josephson emission
in the measured frequency range of 4.5 GHz < fdet < 7 GHz.
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trivial Josephson emission following the dashed green line and no features of either the fractional
ac Josephson effect or higher order processes can be observed. The emission peaks measured by
the spectrum analyser at fdet = 5 GHz are almost three orders of magnitude lower than for the
previous measurement. The trace of the differential resistance displayed in Fig. 5.6 c) displays a
residual resistance of ∼38 Ω after the devices switches to the superconducting state. This comes
from the fact, that this measurement was taken in a two probe configuration, where one line resistance adds up to the measured resistance. A 4-probe measurement was not possible here because
two dc lines froze out during cooldown. The critical current for this device is ∼ 960 nA. The difference in comparison with the other device probably originates mostly from the fact that some
junction parameters, namely its area and length, were slightly different. In the IV -curve displayed
in Fig. 5.6 d) the line-resistance was already subtracted.
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Figure 5.7: a) 2D color plot of the radiated power as a function of voltage and detection frequency. For this
measurement the junction was additionally driven by a signal at a frequency fin = 2 GHz at -14 dBm. The
dashed green lines correspond to the trivial emission peaks while the dashed black lines correspond to the
upconverted and the dashed blue lines to the downconverted signal. b) Averaged and normalized radiation
peaks over the full radiation map displayed in a) (normalization procedure see main text). The vertical lines
correspond to the voltages, where the emission peaks are expected to emerge.

With the next measurement we can illustrate two features, firstly, it demonstrates that we can
both up- and downconvert the Josephson radiation signal and secondly, it provides an insight why it
is important to perform broadband measurements, in order to eventually identify topological emission features. The experimental data depicted in Fig. 5.7 a) displays a Josephson radiation map
where the junction was additionally driven at a frequency fin = 2 GHz with -14 dBm input power.
The observed signals are very weak, but apart from the trivial emission peaks (indicated by dashed
h
green lines), four additional peaks can be observed which fit well the relation |V | = 2e
(fdet ± fin ).
In order to be able to visualize the emission peaks more clearly in Fig. 5.7 b) the voltage values of
the radiation map were first divided by the detection frequency to obtain horizontal emission lines.
Subsequently, the RF power was averaged over the entire map to increase the signal-to-noise ratio.
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The normalized voltage values at which trivial Josephson emission peak and the up-and downconverted signal are expected to emerge are indicated by the dashed lines and also illustrated.
The reason why the signal is much weaker and noisier than in the undriven case, can be understood in the following way, that by adding a microwave drive we modulate our voltage bias
V (t) = VDC + Vrf · cos(ωt) as explained in Sec. 2.11. Cooper pairs can only tunnel if the voltage hits
V (t) ≈ hf2edet , which is only the case within a certain fraction of each oscillation interval. Thus, at
high input power (large amplitude Vrf ) or high frequency, radiation is no longer observable. Photon
upconversion describes the process where two or more photons are sequentially absorbed, which
results in the emission of light at a shorter wavelength than the excitation wavelength. Photon
downconversion on the other hand describes the mechanism where one photon of higher energy is
converted into a pair of photons at lower energy. For this measurement, in the case of upconversion
(indicated by dashed black lines) the effective peak is measured at a frequency corresponding to
fup = fin + fdet . Thereby, the Cooper pair energy amounts such that if a photon with the energy
corresponding to the resonance is absorbed, we hit the detection frequency. In the opposite case of
downconversion (indicated by dashed blue lines) the effective peak is measured at frequency fdown ,
which follows the relation h(fdet + fin ) = hfdown = 2eV . This is possible in the case where the
energy of the Cooper pair is able to excite the resonance mode. Thereby, part of its energy is
released in a resonance photon with energy hfin , while the remaining energy is then released in a
second photon actually detected by the spectrum analyser.
Emission lines originating from electromagnetic resonances in the environment can be distinguished from features originating from higher-order processes or non-trivial emission by displaying
the same slope as the trivial emission peak, being only shifted along the voltage axis. Therefore,
it is important for the unambiguous interpretation of radiation data to measure broadband signals.
If only a trace at a single frequency is considered, it is possible, that an environmental resonance,
by coincidence, hits the frequency of a higher order signal. Only by taking a map over a larger
frequency range, conclusions about the origin of the observed feature can be made from the slope of
the emission peaks. In the averaged radiation map shown in Fig. 5.7 b) the downconverted signal is
much stronger than the upconverted one, which might be explained by the IV -curve of the device
(cf. Fig. 5.5 d)). Due to the steepness of the IV -curve around 1 µV it is much harder to properly
voltage bias than at almost 4 µV.
Summarizing this section, we have verified that it is possible to measure Josephson radiation
on overdamped Cd3 As2 JJs in both setups, while signatures of the fractional ac Josephson effects or
higher order processes have not been observed yet. In addition, the fact that the radiation signal can
be up- or downconverted by generating resonances with environmental oscillatory circuits, points out
the importance of broadband measurements and explains the ambiguousity of interpreting emission
peaks observed only at one single detection frequency.

Experimental Results

5.2

52

Cd3 As2 Josephson junctions in an electric field

We further investigated the effects of changing the carrier density of our device by an electric field
employing a top gate. In order to pursue our long-term goal of investigating topological features of
Josephson junctions, such as the fractional ac Josephson effect, applying electric fields will be crucial
in order to tune the Fermi level to the Dirac point of the device. Further, the Ic · Rn product, which
is related to important energy scales of the junction, was extracted in Fig. 5.9. For the presented
measurements, we explored a gate voltage range of Vtg = ± 8V.

5.2.1

Gate map of the device

In Fig. 5.8 a) the evolution of the critical current in an electric field was investigated by sweeping the bias current against top gate voltage while tracing the differential resistance. We observe,
that when the gate is swept from negative to positive voltages, the critical current first increases
and then decreases again, exhibiting a ’convex’ feature, which is significantly different from the
behaviour observed in other Josephson junctions e.g. with InAs [66] or with graphene [67] where
upon reaching the Dirac point of the device the critical current continuously increases with increasing charge carrier density. From the line cuts of the gate map from Fig. 5.8 a) which is shown for
voltages of -8 (blue), 0 (red) and +8 (yellow) V in Fig. 5.8 b) the fact that the critical current at
zero gate voltage is much higher and the transition from the superconducting into the normal state
much sharper than for low or high gate voltages can be clearly illustrated. This anomalous gate
effect has previously been reported in Cd3 As2 in the long junction limit by Li et al. [68]. There, as
a suggestion for the underlying mechanism of this feature, they propose that in Dirac semimetals
which possess a highly conductive bulk, scattering between the surface and the bulk causes dephasing. If the electron density is increased by an electric field these interactions are enhanced, which,
in response, suppresses the coherent transport of Cooper pairs and hence the supercurrent. Further,
this decrease in critical current at positive gate voltages could be a signature of Dirac points, since
at these points one can connect to surface states, which have a much higher mobility and hence
cause much stronger scattering.
By integration of the data in Fig. 5.8 b) IV -curves are obtained, from which it would be interesting to extract the excess current. This quantity originates from Andreev reflections in an energy
window near the superconducting gap and underlies the quality of the system [3]. But it can only
be extracted in the normal conducting regime and as the sc energy gap of Al amounts 170 µeV,
reaching this regime would correspond to relatively large bias currents, potentially damaging the
device, a risk we did not take here. Therefore, as we biased far below the sc gap the excess current
could not be extracted here. In Fig. 5.8 c) a radiation map over the same gate range as in Fig. 5.8
a) is shown for a fixed detection frequency of fdet = 3 GHz which corresponds to a voltage of 6.204
µV (indicated by the dashed green line). There, the radiated power ∆SP with respect to the background signal normalized outside of the superconducting regime is displayed. In Fig. 5.8 d) three
exemplary line-cuts of the radiated power at the same locations as in Fig. 5.8 b) are depicted which
show that the radiation signal in general follows the trend in amplitude of the critical current, which
could be further investigated by noise measurements introduced in Sec. 5.2.2.
As a next step, we investigate the critical current Ic and the normal state resistance Rn as a
function of gate voltage. This is interesting because in the short junction limit the Ic · Rn product
is predicted to be approximately constant [66] and because this quantity can provide information
about the induced gap, the coherence length and the dominating energy scales of the junction.
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Figure 5.8: a) 2D color plot of the differential resistance dV
dI measured as a function of bias current Ibias and
top gate voltage Vtg over a range of -8 to +8 V. Upon reaching the critical current, the junction switches
into the normal state dominated by the shunt resistor (Rs = 10 Ω). b) Line cuts of a) at voltages Vtg = -8
V (blue), Vtg = 0 V (red) and Vtg = 8 V (yellow). c) 2D color plot of the integrated power of the radiation
signal (∆SP ) measured while sweeping the top gate voltage. The data is displayed on a voltage axis with
the green line corresponding to the trivial Josephson emission at 6.204 µV (fdet = 3 GHz). The colorbar
represents the emitted power normalized with respect to the background signal in the normal state. d) Line
cuts of c) at voltages Vtg = -8 V (blue) Vtg = 0 V(red) and Vtg = 8 V (yellow), displaying the power ∆SP
(background signal subtracted).
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Figure 5.9: Critical current Ic (blue curve, top) and normal state resistance Rn (red curve, top) and product
Ic · Rn (blue curve, bottom) as a function of gate voltage Vtg from -8 to +8 V.

Conventionally, the normal state resistance is calculated by current-biasing the junction at voltages
above the superconducting gap and then extracting the resistance from the IV -curve. Alternatively, in order to protect the junction from a high bias current we suppressed superconductivity
by applying a sufficiently strong magnetic field (here: B⊥ = 20 mT, compare with Fig. 5.10). We
then calculated the evolution of the normal state resistance with gate voltage from a measurement
similar to the one shown in Fig. 5.8.
From Fig. 5.9 we see that the critical current and the normal state resistance indeed display an
opposite trend in the applied electric field, but the Ic · Rn product varies by approximately a factor
of two in the investigated regime. According to the theory, the maximum of Ic · Rn yields a lower
limit on the induced gap: Ic · Rn ≤ ∆ei with ∆i being the induced gap [66]. From our data, we
obtain as lower limit for ∆i a value of 99.8 µeV, which corresponds to ∼ 0.59 times the sc gap of
~vF
aluminimium (170 µeV). From this value one can estimate a range for the coherence length ξ = π∆
.
i
5
6
If the Fermi velocity lies between 3 · 10 m/s and 1 · 10 m/s the coherence length correspondingly
lies in a range of 630 nm ≤ ξ ≤ 2100 nm, which are reasonable values for aluminium.
The Ic · Rn product can also be related to the so-called Thouless energy which is defined as
Eth = ~D
with D being the diffision constant and L the channel length. It is inversely proportional
L2
2
to the dwell time, τD = LD which describes the diffusion time through the system. Therefore, the
larger the Thouless energy, the shorter the time the particles reside in the system. For a Josephson
junction where the barrier between the two superconductors is provided by a diffusive normalstate metal, the Thouless energy successfully describes the physics of the junction, determining the
crossover from tunneling to ohmic transport. For a SNS junction in which the thickness of the normal state metal is smaller than the phase coherence length Lφ , quantum interference effects are only
possible for particles with energies smaller than Eth [69]. Importantly, the proximity-effect coupling
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of two superconductors through a normal metal is either limited by Eth or by the induced gap ∆. A
long diffusive SNS junction, in which the coherence length of the superconductor ξ is smaller than
the channel length L, is limited by the induced gap (Eth  ∆i , Ic ) and in this regime the product
of Ic · Rn can be directly related to the Thouless energy by: Ic · Rn ∼ 10.82 · Eth . For our data,
taking a value of ∼ 80 µV for Ic · Rn and multiplying the result by the elementary charge, we obtain
Thouless energy of Eth ≈7.4 µeV. In the short junction limit on the other hand, we are limited by
the Thouless energy (∆i  Eth ). In this regime Ic · Rn can be related to the superconducting gap as
i
follows: Ic · Rn ∼ 0.66π∆
. Using that formula, we would obtain an approximate value of the induced
e
gap of ∆i = 38.6 µeV, which lies almost a factor of three below the lower limit of the induced gap
calculated below. It is still not trivial here to make clear conclusions about the magnitude of the
Thouless energy and the measurement regime of our device. Comparing the range of the induced
coherence length (calculated above) with the designed channel length of the device (∼ 300 nm)
we assume, that our device is in an intermediate regime, where it is neither fully limited by the
Thouless energy nor by the superconducting gap, but both components provide a contribution to
the observed physics. But the fact that that the Ic · Rn product amounts approximately half of the
sc gap of aluminium suggests, that we are probably more strongly limited by the superconducting
gap than by the Thouless energy in our device.
Additionally, we investigated the behaviour of the critical current of our device with magnetic
field. Even though with type-I superconducting contacts topological features cannot be observed
in Weyl semimetals due to the insufficiently low critical fields Hc , still applying magnetic fields
can be useful for particular purposes. This can e.g. be used in order to extract the normal state
resistance Rn of the device (explained below) or in order to tune the critical current of the junction.
Tuning the critical current can for instance be interesting if one wants to measure weak signals
(e.g. topological signals from few conduction channels). Thereby, applying magnetic fields can be
helpful in order to check the sensitivity of the setup e.g. in terms of the detection limit to measure
radiation. In Fig. 5.10 a), in order to estimate the critical out-of-plane field, we took a trace of
the differential resistance while sweeping the magnetic field at zero bias current. The dashed red
lines indicate the measurement regime of Fig 5.10 b). There a 2D colormap of the behaviour of
the critical current with an out-of-plane magnetic field (B⊥ ) ranging from 6.5 to 8 mT is displayed,
where the superconducting gap closes. In Fig. 5.10 c) three line-cuts for magnetic field strengths
of 6.5 (blue), 7.0 (red) and 7.5 (yellow) mT are shown. In this regime, the critical current drops
from ∼ 340 nA (6.5 mT) to ∼ 220 nA (7.0 mT) to ∼ 110 nA (7.5 mT) while a residual resistance
at zero bias builds up. In Fig. 5.10 d) line-cuts at the same magnetic field values for the measured
radiation signal at 3 GHz are depicted. The signal is still clearly visible at 6.5 mT (blue curve)
and slightly visible at 7.0 mT (red curve) and no longer visible at 7.5 mT (yellow curve). From
this measurement we would conclude, that we can only measure critical currents that are not much
lower than 200 nA. But by averaging over many measurement traces we could lower the detection
limit to Ic ≈ 60-100 nA. Such a radiation measurement averaged over several traces at B⊥ = 7.4 mT
is shown in the Appendix in Fig. A.6.
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Figure 5.10: a) Trace of the differential resistance against magnetic field for zero bias current taken in order
to estimate the critical out-of-plane magnetic field. b) 2D colormap of the differential resistance ∂V
∂I as a
function of bias current Ibias and out-of-plane magnetic field B⊥ in a regime close to the critical field Hc . c)
Line cuts of b) taken at magnetic field values of Bperp = 6.5 mT (blue), 7.0 mT (red), 7.5 mT (yellow). d)
Line cuts of the radiation signal at 3.5 GHz for the same magnetic field values as in c). The blue and red
curve are shifted along the y-axis for visibility. The expected location of the hf
2e radiation peaks is indicated
by the dashed green lines.

Experimental Results

5.2.2

57

Outlook on noise measurements

Very generally, noise describes the random fluctuations of a signal in time. There exist various
sources of noise in electrical signals such as thermal noise, shot noise or quantum noise. Josephson
radiation can be described as random tunneling events of electric charge (Cooper pairs) through a
JJ followed by the emission of a photon. This effect is then observed by measuring the current noise
spectrum of the junction, which exhibits a peak at the Josephson frequency and can therefore be
investigated by noise theory. It is not intended here, to provide a profound insight into noise theory,
as this is beyond the scope of this thesis. But in order to give an insight into recent experimental
approaches, some important quantities associated with noise theory will be introduced and also
a possible experimental approach for investigating Josephson radiation with noise theory will be
presented.
One important source of noise is thermal noise, which is given by SI (ω) = 4kRB T in the limit of
high temperatures and/or low frequencies (kB T  ~ω) and by SI (ω) = 2~ω
R in the opposite limit
(kB T  ~ω) [70]. Another important source of noise is shot noise, arising due to the quantized
nature of charge carriers. Importantly, this type of noise is only observed in mesoscopic conductors
and not in macroscopic systems and it only appears when a system is driven out of equilibrium.
So called Schottky noise is defined as SI0 = 2e|hIi| where |hIi| is the average current. Schottky
noise applies to the classical regime where tunneling events are assumed to be non-interacting and
uncorrelated. The so called Fano factor F relates arbitrary shot noise to Shottky noise being defined
SI
as: F = 2e|hIi|
, signifying that depending on electron-electron interactions and correlations shotnoise can be enhanced or suppressed [71]. For conventional Josephson emission, where a Cooper
pair consisting of two electrons which tunnel coherently through the junction, we would naivly assume F = 2. But this does not apply for a ballistic wire where the wire length L is shorter than
the mean free path λ. Effectively it has been derived by the Landauer-Büttiker formalism that in a
fully ballistic wire due to the absence of randomness in charge transport, there is no shot-noise and
therefore the Fano factor amounts zero [72]. There are some other regimes, where the Fano factor
of a wire is clearly defined.
From noise measurements, two quantities can be extracted which are of high interest for the
Josephson radiation experiment with Cd3 As2 NW Josephson junctions: the effective gain g of the
amplification chain and the Fano factor F . Here, a sketch should be given of how this could be
achieved. As a caveat, during the revision process of this thesis, we realized, that Fano factor theory
does likely not apply here. But I decided, to still leave this section in the report and will provide
some alternative interpretations of this data set at the end of this section.
First of all, we need to know the transfer function tv of our setup, which just relates the input to
the output voltage being defined as Vout = tv · Vin . In general, the transfer function is a non-trivial
function depending on frequency, but in our setup it is save, to just define the transfer function with
the relation between Vin and Vout of a loaded voltage divider (no frequency dependence before the
circulator). If we include the gain of the setup the voltage noise density at the detector is defined
as: SV D = g|tv |2 SV with SV being the voltage noise density, which is related to the current noise
density as follows: SI = SRV2 . The power spectral density measured by the spectrum analyser is
defined as follows:
Z
SV D
hPSSA i =
df + hP0 i
(5.1)
BW Z0
with BW being the integration bandwidth of the spectrum analyser (20 MHz for our measurements),
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Z0 the detector impedance (50 Ω) and hP0 i the background noise. Inserting the definition of SV D
and solving for SI we finally obtain:
SI =

|tv |2
hPSSA i − hP0 i
·
= F · 2e hIi
Z0 R 2 g
BW

(5.2)

where the last equality just comes from the definition of the Fano factor. For a known transfer
function and if the background noise hP0 i can be subtracted from the radiation measurement, the
only unkown variables are the gain g and the Fano factor F . hIi is given by the bias current at which
the peak of the Josephson radiation occurs. It has to be kept in mind, that we consider here the
JJ and the parallel shunt resistor as one entity, meaning that effectively not all current necessarily
flows through the junction. A possibility to extract the two unknowns is by first extracting the
gain at temperatures above the critical temperature of the superconductor (or alternatively in a
magnetic field above the critical field Hc ) and in the limit SI (ω) = 4kRB T . The resistance R in the
non-superconducting regime is dominated by the shunt resistor Rs = 10 Ω and if a few measurement
points are taken with increasing T , the gain can be directly extracted from the slope of the curve.
From a measurement, where the current noise density SI is plotted against the bias current hIi at
which the junction emits radiation, the Fano factor could then be extracted from the slope of the
data set.
The implementation of extracting the gain from a temperature calibration is yet to be done
and not scope of this thesis. But we were able to perform another preliminary data evaluation.
Assuming we know the Fano factor F the gain can be extracted when plotting SI · g against 2e · Ibias
for the gate dependent measurement shown in Fig. 5.8. The result of this investigation is depicted
in Fig. 5.11.
In order to obtain this plot we considered eq. 5.2 and a transfer function of:
s ·Z0 /(Rs +Z0 )
tv = RJR+R
inserting RJ = 300 Ω (junction resistance), RS = 10 Ω and Z0 = 50 Ω and
s ·Z0 /(Rs +Z0 )
BW = 20 MHz. The bias current Ibias was obtained from the radiation map displayed in Fig. 5.11
b). There radiation was measured at fdet = 3 GHz against gate voltage. On a voltage axis all data
points should be on a straight line, which was previously shown in Fig. 5.8 c). Due to the change in
critical current we observe a slight distortion on a current axis. On the horizontal axis in Fig. 5.11
a) for Ibias we inserted the value, where the emitted power in Fig. 5.11 b) was at a maximum.
The slope |a| that is then extracted from the plot in Fig. 5.11 a) corresponds to the product g · F .
Inserting the naive assumption from above that F = 2 we obtain a gain of ∼ 79.964 dB. In reality
the Fano factor will deviate from this value. For Shottky noise (F = 1), we would obtain a gain of
∼ 82.9738 dB and for an even lower Fano factor of F = 0.5 the gain would become ∼ 85.984 dB.
The order of magnitude of this extracted gain seems to be reasonable, assuming that the gain of
the HEMT and the RT amplifier in the Triton setup both amount ∼ 35 dB. The opposite case of
F > 2 would correspond to a bunching of Cooper pairs, meaning that several Cooper pairs can
tunnel through the weak link until a poisoning event occurs. Applying such a picture, Cuevas et
al. [73] showed that in the limit of low transmission, shot noise can be strongly enhanced compared
to Shottky noise at low voltages, which they attribute to multiple Andreev reflections [73]. In our
experiment, if we now perform the opposite calculation, assuming a gain of exactly 70 dB would
correspond to a Fano factor of F = 19.83. From a high Fano factor one could possibly even extract
the poisoning rate.
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Figure 5.11: a) Extraction of the gain from the amplitude of the current noise density SI plotted against
the bias current Ibias at which the radiation peak occurs. The red line is a linear fit to the data and |a| is
the extracted slope from the fit. b) Raw data of the radiation signal measured at 3 GHz against top gate
voltage Vtg . For each trace the maximum of the radiated power is taken for hPSSA i and the corresponding
value of the bias current is taken for Ibias from the plot depicted in a).

As previously mentioned, this approach that we can extract the Fano factor from this measurement does likely not apply here due to the fact that Fano factor theory applies for white noise
with a frequency-independent spectral density, which apparently is not the case here. But when
treating Josephson radiation with noise theory we can still translate the input power into the radiated output by: Ibias · Vrad = SI · Z(ω), with Z(ω) being the frequency-dependent impedance of
the detection chain, which does hardly vary with frequency and can therefore be assumed to be
hf
constant (Z(ω) ≈ Z). With the Josephson relation 2eVrad = hf , we obtain: SI ∝ Ibias · ( 2eV
).
Though, SI is still proportional to Ibias as seen in the data, but the prefactor is not related to the
Fano factor. In fact, we think by now, that in the Josephson radiation peak the Fano factor reaches
large values (ideally F → ∞). This means that if the peak was narrow, all power in the peak
makes the amplitude larger.
However, even if we apply Fanor factor theory to this data set, there are some more limitations
to this measurement. First of all, because the Fano factor is not known, the the new approach
of first extracting the gain at a temperature above the superconducting gap and then extracting
the Fano factor from this measurement seems physically more reasonable. Also, the range of bias
current we investigated was very narrow, as the peak only shifts in this range only by a maximum
of ∼ 16 %. This problem could be partially overcome by measuring at several different detection
frequency, where the junction emits at a different bias current. This could then be used in order to
widen the graph on the current axis with more data points. Even though these preliminary noise
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measurements are still in their infancy, nevertheless they promise to improve the understanding on
both intrinsic junction properties and on the amplification chain of the measurement setup.

6

Discussion and Conclusion

In this final chapter the main results of this work will be discussed and summarized, while also a
link to previous similar experiments will be provided. In addition, the main challenges faced during
this work will be pointed out and an outlook on future investigations will be given.
The main focus of this work was assessing the ac Josephson effect on Dirac/Weyl semimetal
Cd3 As2 nanowire Josephson junctions by the investigation of Shapiro steps and Josephson radiation. Probing the fractional Josephson effect is a powerful experimental tool because it provides
the most direct evidence of a 4π-periodic supercurrent, which arises in the presence of topologically protected Andreev bound states. Nevertheless, an unambiguous verfication of the non-abelian
properties of Majorana zero modes would rely on braiding experiments, where the coupling between
the individual MZMs can be turned ’on’ or ’off’ by e.g. gate or flux control [15]. In this work we
demonstrated the realization of a Josephson junction by investigating the dc and ac Josephson effect. Proximity-effect induced superconductivity has previously been realized in Cd3 As2 [68, 74, 75],
where Shapiro steps and the dependence of the supercurrent on magnetic field and gate voltage have
already been shown. Further, in a publication by Yu et al. [74] missing n = ±1 Shapiro steps have
been observed at low frequency and they claim the realization of an unconventional supercurrent
in Cd3 As2 with bulk-surface intereference. Nevertheless, the objection that missing n = ±1 steps
can also be observed in the high-power oscillatory regime needs to be considered and even though
the large surface-to volume ratio in such nanowires provides a significant contribution of surface
state transport, the residual bulk transport severely complicates the analysis of the 4π-periodic
supercurrent [75]. In this work, so far only a conventional Shapiro step pattern with a 2π-periodic
supercurrent was observed, but by measuring at low input frequencies (6 1 GHz) in a sufficiently
strong magnetic field, it should be possible to generate a 4π-periodic supercurrent in our devices
with vanadium contacts (type-II sc), resulting in suppressed odd Shapiro steps.
Further, we observed Josephson radiation in both the Triton and the BF setup on hybrid
Cd3 As2 nanowire - aluminium Josephson junctions, which has not been reported in literature yet.
Other platforms on which Josephson radiation has been previously observed are InAs NW JJs with
proximity coupled Al sc leads and 2D and 3D topological weak links fabricated from the topological insulator HgTe [76, 4]. On InAs Josephson junctions trivial ( hf
2e ) Josephson emission has been
reported on a device with ∼ 150 nA critical current [76], while in HgTe even signatures of the
fractional ac Josephson effect have been reported [4]. Bocquillon et al. [4] investigated Josephson
radiation from 2-10 GHz, observing clear emission peaks evolving with a slope of hf
e and further
identified strongly suppressed Shapiro steps up to n = 9 at low frequency (0.8 GHz). In order to
observe the fractional ac Josephson effect on the Cd3 As2 devices with V contacts fabricated in this
work, the Dirac point of the devices needs to be reached by tuning its electron density and a sufficiently high magnetic field has to be applied, such that spin degeneracy and therefore TRS is broken.
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When gating the junction with an electrical field, we observe an anomalous convex behaviour
of the critical current Ic with gate voltage (cf. Fig. 5.8). From what has been observed in other
JJ platforms, eg. in diffusive graphene [67] or in semiconductor nanowires [66], we expect that
upon reaching the Dirac point the critical current continuously increases with increasing carrier
density. A work by Li et al. [68] reported the same anomalous behaviour on a 1 µm long junction
with niobium (Nb) contacts, while for a short junction the more conventional gating behaviour was
recovered. As readily mentioned in Sec. 5.2, this effect was attributed to the interactions between
the bulk and surface states which are enhanced with gate voltage and which generate significant
dephasing [68]. Still, this explanation remains hypothetical and is not fully understood yet. We
also investigated, the Ic · Rn product of our device, which as explained in Sec. 5.2 is assumed to be
constant in the short junction limit and provides information if the supercurrent is limited by the
diffusion time through the system (related to the Thouless energy Eth ) or by the superconducting
gap. For our device, the calculated value of the induced gap (∆i ∼ 99.6 µeV) amounts almost
0.6 times the sc gap of aluminium (∆Al = 170 µ eV), why we assume to be stronger limited by the
superconducting gap then by the Thouless energy.
Throughout this work, many challenges were faced which complicated the observation of topological features on the Cd3 As2 NW Josephson junction devices and hence the initial aim of this
work was not achieved yet. In terms of device fabrication, no established recipe for type-II superconductor contacts, which did not involve sputtering, was available in-house, requiring a large set
of optimizations in the nanofabrication procedure. The main changes affected the evaporation procedure, the lift-off and optimization of the Ar milling surface treatment (cf. Sec. 3.1). Additionally,
further elements apart from gate-responsability and applying a sufficiently strong magnetic field
might play a role in order to maximize the contribution of the topological surface channels with
respect to the bulk conductance in this material. An important parameter in surface-conductance
contribution might be the geometry of the NW. In this work thin nanowires with d ∼100 nm were
selected from a single growth chip (cf. Fig. 3.1), while it has recently been shown that nano-ribbons
might host a higher number of topological conductance channels on their surface [77]. Additionally,
the detection limit of the setup is still at the edge in order to resolve topological contributions of
the supercurrent by analyzing the microwave emission spectrum. From eq. 2.14 we can estimate the
√
contribution of a single topological channel as I(φ)topo = ± ~e τ ∆ sin( φ2 ). Inserting ∆Al = 170 µeV
and a reasonable transparency range of our junction of 0.1 ≤ τ ≤ 0.5, we obtain a range for the
upper limit of a single channel 13.05 nA ≤ I(φ)max
topo ≤ 29.26 nA, while the induced gap will be
certainly below this value. Therefore, for the current detection limit of our setup of approximately
60-100 nA critical current, the contribution from approximately five parallel topological conduction
channels is still required in order to successfully detect radiation originating from the fractional ac
Josephson effect.
As an outlook, possible follow-up experiments by which this work could be continued will be
presented. One approach concerns further optimizations of the radiation detection limit of the
Triton setup, such that contributions from a single conduction channel can eventually be detected.
This is currently pursued e.g. by employing DC filters on the PCB and by changing the location
of the 1 MΩ bias resistor from outside the DR at room-temperature to the measurement PCB.
Further, now that the expertise in contacting Cd3 As2 NW with the type-II sc vanadium could be
obtained, by measuring such a device in a magnetic field, the fractional ac Josephson effect might be
observed on Cd3 As2 Josephson junctions in the near future. Summarizing this work, although the
intial aim of this thesis to observe features of MZMs in this material has proven to be too ambitious
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within the given time frame, nevertheless, we were able to measure Josephson radiation on Cd3 As2
NW JJs in two different setups which has not been achieved before. Further, we acquired a lot of
expertise in device fabrication and experimental insights by working with Cd3 As2 , which provide
important steps towards the observation of signatures of Majorana fermions and other intriguing
physics in the near future.
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A.1

Appendix
Fabrication recipe: Cd3 As2 nanowire Josephson junctions

• Preparation of the SiO2 wafer
– Wafers: p-doped (p++ ) Silicon wafers with 305 ± 10 nm SiO2
– Cleaning: First sonicate 3 min in distilled H2 O with 2-3 drops of reagent soap (Deconex 12
basic Reiniger). Then sonicate for additional 3 min in acetone and for 3 min in isopropanol (IPA). Blow dry with nitrogen gun.
• Nanowire transfer: The nanowires were transferred from the growth-chip by a tap-off procedure. We aimed for 6-8 straight and thin nanowires (d = 100-200 nm) on each base structure.
The deposition was performed by eye-measure and afterwards checked in the optical microscope.
• Spin coating with E-beam resist: Spin PMMA (AR-P 671.05, PMMA 950 K) for 40 s with
4800 rpm and 4 s ramp-up time. Bake out on a hot plate for 5 min at 180 ◦ C in order to get
a 600 nm thick PMMA layer (thickness verified by the alpha step profilometer).
• Exposure (Electron Beam Lithography)
– Small structures (junction and adjacent leads): 250×250 µm writefield, 10 µm aperture,
µC
µC
20 kV acceleration voltage, 220 cm
2 dose (junctions: 200.2 cm2 ).
– Big structures: 250×250 µm or 500×500 µm writefield, 120 µm aperture, acceleration
µC
µC
voltage: 20 kV, 220 cm
2 dose (small writefield), 240 cm2 dose (big writefield).
• Development: 1 min in MIBK:IPA (rato 1:3) followed by 10 s in IPA at room temperature.
Blow dry with nitrogen gun and then check quality of the mask under the optical microscope.
• Oxygen plasma (Reactive Ion Etching (RIE)): The oxygen plasma is needed in order to remove
resist residues. Working parameters: pressure 250 mT, power 30 W, O2 gas flow 16 %, duration
1 min.
• Material deposition (Electron beam evaporation)
– For the material deposition we used the BALZERS e-beam evaporator (Balzers-Pfeiffer
Labor-System, PLS 500). First in-situ Ar-milling was performed in order to remove the
native oxide (duration: 27 s).
– For the Al Josephson junction devices we first evaporated 3 nm of Ti (sticking layer)
and then 200 nm of Al.
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– For the V Josephson junction devices we first evaporated 3 nm of Ti (sticking layer),
then 150 nm of V and finally 5 nm of Al (topping layer to prevent oxidation).

• Lift-off
– For the Al Josephson junction devices, the lift-off was performed in acetone for 25 min
at 60 ◦ C.
– For the V Josephson junction devices, acetone was first preheated to 50 ◦ C. After placing
the devices into the beaker, we immediately started to flush the devices with a syringe
in order to remove the metal chunks.
Top gate fabrication
• HfO2 layer fabrication
– Spin coating with E-beam resist: Spin PMMA/MA (AR-P 671.08, 33 %) for 40 s with
6000 rpm and 4 s ramp-up time. Bake out on a hot plate for 10 min at 180 ◦ C in order
to get a 600 nm PMMA/MA layer.
– Exposure (Electron Beam Lithography): 500×500 µm writefield, 10 µm aperture, 10 kV
µC
acceleration voltage, 140 cm
2 dose (on purpose slightly overdosed).
– Development: 1 min in MIBK:IPA (rato 1:3) followed by 10 s in IPA at room temperature. Blow dry with nitrogen gun and then check quality of the mask under the optical
microscope.
– Oxygen plasma (RIE): Working parameters: pressure 250 mT, power 30 W, O2 gas flow
16 %, duration 1 min.
– Material deposition (Atomic Layer Deposition (ALD)): The deposition of HfO2 was performed in the ALD machine which required a preheating, a deposition and a purging
step. In order to achieve a 20 nm oxide layers, 200 ALD cycles needed to be performed.
– Lift-off: The lift-off of PMMA/MA was performed for ∼ 3 h in acetone at 50 ◦ C.
• Au deposition by E-beam evaporation
– For the material deposition for the top-gates we used the SHARON e-beam evaporator (Sharon Vacuum, Telemark). First a 3 nm sticking layer of Ti was deposited and
afterwards a 100 nm layer of Au.
– The development and lift-off were performed in the same way than for the Al/V contacts.

A.2

HEMT-Biasing RF-Filter

In Fig. A.1 the detailed scheme of the electrical circuit of the filter of the HEMT power-supply
is depicted. The filter was built in-house in the electronics workshop. The current is supplied to
the filter by a shielded three-pole cable (drain (Vd ), gate (Vg ) ground (GND)), where the drain
and the gate can be biased separately in order to tune the amplifier. The main filtering capacity
is given by two separate low-pass π-filters for the drain and the gate with a cut-off frequency of
fc = π√1LC ≈ 159’000 Hz. The filter contains additional ferrite beads which also suppress highfrequency noise and act as an additional low-pass filter. The aluminium housing shields the filter
from the environment.
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Figure A.1: Schematic representation of the HEMT-biasing RF-filter built in-house in the electronics workshop implemented in the Triton setup.

A.3

Post-processing of Shapiro steps

In Fig. A.3 the step-wise processing of the Shapiro step measurement data is depicted. The raw data
set is a current-biased lock-in measurement, where the differential resistance ( ∂V
∂I ) is measured for
increasing input power (top left). As a final result, an interpolated data set where the differential
conductance (∂I/∂V ) is displayed on a voltage axis is obtained (bottom right). In a first step
(1.) → 2.)) the differential resistance is numerically integrated in order to get the IV -curve. In
2.) the voltage is additionally normalized in order to see the voltage steps occuring at integer
multiples of hf
2e . We then used a Matlab software routine to reverse the source axis (Ibias ) and the
measurement axis (Voltage (2.) → 3.)). For the colorpolots the points on the new voltage axis
need to be equally spaced. Therefore, it is required to calculate the pointsby interpolation in Ibias
on a grid with predetermined voltage stepsize. Thereby, it is important to chose the resolution high
enough such that the features of the original measurement can be preserved. Then in a last step
∂I
we performed a numerical derivation of the data in order to obtain the differential conductance ∂V
(3.) → 4.)).
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Figure A.2: Post-processing steps of the Shapiro step measurement data demonstrated exemplarily for a
single line cut at -15 dBm (dashed cyan line). Top left: Raw measurement data displaying a 2D color map
obtained by measuring the differential resistance ( ∂V
∂I ) for increasing rf input power Pin at an input frequency
fin = 2 GHz. 1.) Line cut of the raw data, displaying the differential resistance ∂V
∂I against bias current Ibias
measured by the lock-in. 2.) IV -curve obtained by numerical integration of the raw data. The voltage is
normalized in units of hf
2e in order to visualize the Shapiro steps. 3.) Inversion of the source axis (Ibias ) and
∂I
the measurement axis (Voltage). 4.) Differential conductance ∂V
obtained by numerical derivation. Before
this step the data is interpolated in order to preserve the resolution of the original measurement. Performing
this procedure for all power traces, we finally obtain the 2D color map displayed in the bottom right.
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Additional measurement data

During this project, several additional measurements apart from these presented in Ch. 5 were
performed. Especially, many more Shapiro step and Josephson radiation experiments were carried
out, but as their informational content was similar, we decided to restrict ourselves to only showing
the most conclusive measurements in the result part of this thesis. Here, some of the supplementary
measurements will be shown and briefly discussed.
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Figure A.3: Gate dependence of Shapiro steps. a) 2D color map of the differential conductance ∂V
displayed
hf
vs. increasing rf input power Pin and DC voltage in units of [ 2e ]. The input frequency fin is set to 2 GHz
and the top gate voltage to Vtg = -5 V. b) Line cut of a) at rf input power Pin = -10 dBm (indicated by the
∂I
dashed cyan line). Peaks in differential conductance ∂V
appear at voltages corresponding to n · hf
2e , with f =
2 GHz. c) and d) display similar data of a measurement taken at top gate voltage Vtg = +7 V.
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The Shapiro step experiment shown in Fig. 5.3 was also performed with an applied electric field
at different top gate voltages. The data displayed on top in Fig. A.3 was taken at Vtg = -5 V and
the data displayed on the bottom was taken at Vtg = +7 V. When the gate voltage was changed,
Shapiro steps still emerged at the same locations in the 2D color map, only their intensity varied,
according to the difference in critical current (cf. Fig. 5.8).
Shapiro step measurements were also performed in the Bluefors setup. In Fig. A.4, Shapiro
step measurements are shown for three different rf driving frequencies. The measurements were
taken on Device A, a JJ device with a Cd3 As2 nanowire as weak link (junction length l ∼ 150
nm) and superconducting Al contacts. In Fig. A.4 a) the driving frequency was set to 1 GHz,
leading to the emergence of more than 20 Shapiro steps in the measured power regime, which are
weak in intensity and very closely spaced in voltage. At a driving frequency of 2 GHz shown in
Fig. A.4, correspondingly Shapiro steps up to n = 10 are clearly observable. The interesting feature
about this measurement is the emergence of a half Shapiro step in the power regime of ∼ -5 to
∼ +5 dBm. As this feature was not observed for all input frequencies it is not assumed to be a
physical property of the junction. Nevertheless, here some possible reasons for the emergence of
fractional Shapiro steps will be mentioned. For junctions with a non-sinusoidal CPR a change in
the equations of motion can lead to the presence of higher harmonics e.g. sin(2φ) which can then
synchronize on the excitation leading to fractional Shapiro steps [78]. Also, changes that introduce
higher order derivatives into the evolution equations can provide an explanation of this feature [79].
At low temperatures it is also possible that the energy of the junction is minimized by generating
spontaneous circulating currents. By phase-locking these currents to the applied driving frequency
they can couple to the microwave field [78]. However, we can only speculate and do not understand
the real origin of the observed half Shapiro step yet. The measurement depicted in Fig. A.4 c) is
taken with a 3 GHz driving frequency. For the line cut taken at +8 dBm we still observe a strong
zero bias conductance peak. Also here, a very weak signature of a half Shapiro step can be observed.
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Figure A.4: Shapiro step measurements in the Bluefors setup for different microwave input frequencies. a)
∂I
The left side displays a 2D color map of the differential conductance ∂V
displayed vs. increasing rf input
hf
power Pin and DC voltage in units of [ 2e ]. The input frequency fin is set to 1 GHz. On the right side a line
cut at the rf input power Pin = +8 dBm is shown (indicated by dashed line in cyan). Peaks in differential
∂I
conductance ∂V
appear at voltages corresponding to n · hf
2e , with f = 2 GHz. b) Similar measurement taken
at fin = 2 GHz. c) Similar measurement taken at fin = 3 GHz.
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Characterization of the vanadium leads

On a JJ device with vanadium (V) contacts which displayed superconductivity, the superconducting leads were characterized in terms of critical field and critical temperature. In Fig. A.5 a) a
measurement of critical out-of-plane field (B⊥ ) is depicted vs bias current Ibias . In order to obtain
the color plot, the background resistance coming from the line resistance was subtracted and the
IV -curve was differentiated in order to obtain the differential resistance. Also, a moving average
filter was applied to reduce the noise levels of the data. When the junction switches from the superconducting into the normal state, this results in a peak in differential resistance, corresponding
to the yellow line in the colorplot. Extrapolating this line towards zero bias a critical out-of-plane
field of Bc,⊥ ∼ 2.4 T can be extracted from Fig. A.5 a). The horizontal line at ∼ 270 nA and
the dark blue line at zero bias are artefacts from the lock-in measurement. In Fig. A.5 b) the
critical temperature was extracted by sweeping the bias current. The measurement was done while
warming up the system by measuring the voltage drop across the junction. Also here, the background resistance was subtracted and the IV -curve was differentiated and a moving average filter
was applied. Tracking the evolution of the peak in differential resistance it can be observed that
the critical current remains approximately constant until ∼ 1.2 K and then drops relatively quickly.
From this measurement a critical temperature of Tc ∼ 3 K was extracted by extrapolation of the
curve.

a)

b)
500

1400

500

450

1200

450

400

1000

350

400

3000

350
800

300

300

250

600

250

200

400

200

150

200

100

0

50
0

4000

-200

1

1.5

2

2.5

3

3.5

2000

1000

150
100

0

50
0

-1000

0.5

1

1.5

2

2.5

3

Figure A.5: Characterization of the vanadium leads. a) 2D Color plot to extract the critical magnetic
field (B⊥ , out-of-plane) of the vanadium leads. The colorbar depicts the differential resistance obtained
by numerical differentiation of the measured IV-curve in dependence on the out-of-plane field B⊥ vs. bias
current Ibias . b) 2D Color plot to extract the critical temperature Tc of the V leads. The colorbar depicts
the differential resistance in dependence of the bias current Ibias vs. the temperature of the mixing chamber
TMC .

A.4.3

Josephson radiation at low critical current

Fig. A.6 is an addition to the data shown in Fig. 5.10, displaying the averaged radiation signal at low
critical current. For this measurement, the applied out-of-plane magnetic field was B⊥ = 7.4 mT, the
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detection frequency fdet = 3.5 GHz and the extracted critical current from the maxima in differential
resistance was Ic ∼ 180 nA.
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Figure A.6: a) Averaged radiation signal measured at a magnetic field of B⊥ = 7.4 mT and at a detection
frequency fdet = 3.5 GHz. The dashed green lines correspond to the calculated hf
2e trivial Josephson radiation
signal emerging at 7.24 µV. b) Averaged differential resistance ∂V
of
the
same
measurement. The dashed
∂I
green lines correspond to the maxima in differential resistance, corresponding to a critical current of Ic ∼
180 nA.

Appendix

A.5

80

List of setup components

As a supplementary to Ch. 4 the following table lists the important components of the two cryogenic
measurement setups that were used for the experiments performed in this work.
Table A.1: Table of the important cryogenic components of the Bluefors and the Triton cryostat.

Component
Cryostat
Directional coupler
Bias tee
Circulator
Low-T amplifier
RT amplifier
Cryostat
Directional coupler
Bias tee
Circulators

Brand and part number
Oxford Triton 200 cryofree
dilution refrigerator
Fairview microwave
MC 2104-20
Mini-Circuits
ZFBT-6GW+
QuinStar CTD0304KC
Low Noise -factory
LNF-LNC1-12A
Miteq: AMF-3F-01000400-08-10P
Bluefors BF-LD400
Fairview microwave
MC 2104-20
Mini-Circuits ZFBT-6GW+
Quin Star CTD0304KC

Low-T amplifier
Measurement instruments
Spectrum analyser
Voltage DAC

LNF- LNG 112

Lock-in

SR 830 DSP lock-in amplifier

R & S, FSW 8
SP 927

Specifications
base temperature 20 mK
frequency range: 1-4 GHz
frequency range: 0.1-6 GHz
frequency range: 2.75-3.25 GHz
frequency range: 1-4 GHz
gain ∼ 35 dB
frequency range: 1-4 GHz
gain ∼ 35 dB
base temperature 20 mK
frequency range: 2-8 GHz
attenuation 20dB
frequency range: 0.1-6 GHz
frequency range: 4-6 GHz
frequency range: 3-12 GHz
gain ∼ 40 dB
frequency range: 2 Hz - 8 GHz
8 channel voltage source
home-built by the
electronics workshop
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